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Abstract 
Nuclear waste streams consist of a diversity of physical and chemical forms, requiring a 
toolbox approach in the application of materials to their disposal.  Solid uranium metal 
wastes constitute a disposal challenge due to their tendency to oxidise, making 
encapsulation within cementitious waste packages for storage potentially troublesome.  
MKPC (Magnesium Potassium Phosphate Cement) is being considered as an alternative to 
Portland cement for U-metal encapsulation due to the potential for lower free water content, 
lower internal pH and the micro-encapsulation of radioactive isotopes as low-solubility 
phosphate minerals.  In this work the development and characterisation of MKPCs optimised 
for U-metal encapsulation was undertaken.  This included the investigation of MKPC 
property development under both near ambient and elevated temperature conditions, the 
performance of MKPC/U-metal wasteform corrosion trials utilising temperature elevation (to 
30, 40 and 50 °C) for the acceleration of chemical kinetics, and assessment of the impact of 
dehydration treatments (at 50, 80 and 110 °C) on the cement properties.  In general MKPC 
exhibited excellent processing and mechanical properties.  Other significant outcomes of the 
work include, firstly, the determination that uranium corrosion rate dependencies in MKPC 
are dominated heavily by the presence of water over other chemical effects, with an anoxic 
activation energy of 68 ± 6 kJ·mol-1.  Secondly, the development of a methodology for 
determining the bound water content of MKPC, which allowed the calculation of the extent of 
reaction.  This enabled analysis yielding empirical strength-porosity and kinetic models of the 
material, capable of facilitating improved mix design for the tailoring of MKPC properties.  
Finally, the instability of the K-struvite matrix toward dehydration at temperatures of ≥ 72 °C 
has been recorded.  The work concluded that MKPC has many properties which make it 
suitable as a general encapsulant, whilst being ultimately unsuitable for U-metal storage 
without further development around the reduction of water availability.  
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 𝐶𝑎𝑂 + 𝐻3𝑃𝑂4 + 2𝐻2𝑂 → 𝐶𝑎𝐻𝑃𝑂4 · 3𝐻2𝑂 (15) 
 𝑀𝑔𝑂 + 𝑀𝑔(𝐻2𝑃𝑂4)2 · 2𝐻2𝑂 + 3𝐻2𝑂 → 2𝑀𝑔𝐻𝑃𝑂4 · 3𝐻2𝑂 (16) 
 𝑀𝑔𝑂 + 𝑁𝐻4𝐻2𝑃𝑂4 +5𝐻2𝑂 → 𝑀𝑔𝑁𝐻4𝑃𝑂4 · 6𝐻2𝑂 (17) 
 𝑀𝑔𝑂 + 2𝑁𝐻4𝐻2𝑃𝑂4 +3𝐻2𝑂 → 𝑀𝑔(𝑁𝐻4)2(𝐻𝑃𝑂4)2 · 4𝐻2𝑂 (18) 
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 𝑀𝑔𝑂 + (𝑁𝐻4)2𝐻𝑃𝑂4 +5𝐻2𝑂 → 𝑀𝑔𝑁𝐻4𝑃𝑂4 · 6𝐻2𝑂 + 𝑁𝐻3 ↑ (19) 
 𝑀𝑔𝑂 + 𝐴𝑙(𝐻2𝑃𝑂4)3 +5𝐻2𝑂 → 𝑀𝑔𝑁𝐻4𝑃𝑂4 · 6𝐻2𝑂 (20) 
 𝑀𝑔𝑂 + 𝐾𝐻2𝑃𝑂4 +5𝐻2𝑂 → 𝑀𝑔𝐾𝑃𝑂4 · 6𝐻2𝑂 (21) 
 𝑀 − 𝑂𝐻 + 𝐵(𝑂𝐻)4
−
→ 𝑀 − 𝑂 − 𝐵(𝑂𝐻)3
−
+  𝐻2𝑂 (22) 
 𝐻2𝑂 + 𝐵(𝑂𝐻)3  →  𝐵(𝑂𝐻)4
−
+ 𝐻+ (23) 
 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑆𝑒𝑡 = (
𝐻 − 𝐸
𝐶 − 𝐷
 ×  (𝐶 − 25)) + 𝐸 (24) 
 𝜎 =
𝐹
𝐴0
 (25) 
 𝑛 𝜆 = 2 𝑑 𝑠𝑖𝑛 𝜃 (26) 
 𝑉𝑠 =  𝑉𝑐 +  
𝑉𝑅
1 −
𝑃1
𝑃2
⁄
 (27) 
 𝐸 = 0.9465 (
𝑚𝑓𝑓
2
𝑏
) (
𝐿3
𝑡3
) 𝑇 (28) 
 𝑉𝑈 = 𝑉𝑉 − 𝑉𝑊 (29) 
 𝑛 =   
𝑃 ∗  𝑉
𝑅 ∗  𝑇 
 (30) 
 ∆𝑈𝑛 = ∆𝑈𝑛−1 +
𝑀𝑛 − 𝑀𝑛−1
2 ∗ 238.03
 (31) 
 ∆𝑈𝑓𝑖𝑛+1 = ∆𝑈𝑖𝑛𝑖 +
𝑀𝑓𝑖𝑛+1 − 𝑀𝑓𝑖𝑛 + 𝐷
2 ∗ 238.03
 (32) 
 𝐷 = (𝑡𝑓𝑖𝑛 − 𝑡𝑖𝑛𝑖−1) ∗
𝑀𝑖𝑛𝑖−𝑙 − 𝑀𝑖𝑛𝑖−(𝑙+12)
𝑡𝑖𝑛𝑖−𝑙 − 𝑡𝑖𝑛𝑖−(𝑙+12)
 (33) 
 ∆𝑈𝑛 = 𝐺 ∗ ∆𝑡 + ∆𝑈𝑖𝑛𝑖−1 (34) 
 ∆𝑈𝑛 =
(∆𝑈𝑓𝑖𝑛+1 − ∆𝑈𝑖𝑛𝑖−1)
(𝑡𝑓𝑖𝑛+1 − 𝑡𝑖𝑛𝑖−1)
∗ (𝑡𝑛 − 𝑡𝑖𝑛𝑖−1) + ∆𝑈𝑖𝑛𝑖−1 (35) 
 𝑣𝑛𝑒𝑤 = 𝑣𝑖𝑛𝑖 − (
𝑀𝑈
𝜌 ∗ 1000
) (36) 
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 𝑣𝑛𝑒𝑤 = (𝜋 × (
𝑑 − 𝑥
2
)
2
× (𝑤 − 𝑥)) (37) 
 0 = −𝑤𝑑2 +
4𝑣
𝜋
+ (2𝑤𝑑 + 𝑑2)𝑥 − (𝑤 + 2𝑑)𝑥2 + 𝑥3 (38) 
 𝑆 = (2𝜋 (
𝑑 − 𝑥
2
)
2
) + ((𝑤 − 𝑥)(𝑑 − 𝑥)𝜋) (39) 
 𝐶 =
𝑀𝑈
1000 ∗ 𝑆
 (40) 
 𝐾𝐻2𝑃𝑂4(𝑠) → 𝐾
+ + 𝑚𝐻+(𝑎𝑞) + 𝐻2−𝑚𝑃𝑂4
(1+𝑚)−
(𝑎𝑞)
 (41) 
 2𝑀𝑔𝑂 +  2𝐻2𝑃𝑂4
− +  10𝐻2𝑂 →  2𝑀𝑔𝐾𝑃𝑂4. 6𝐻2𝑂 (42) 
 𝑀𝑔𝑂 + 2𝐻𝑃𝑂4
2− +  6𝐻2𝑂 →  𝑀𝑔𝐾𝑃𝑂4 . 6𝐻2𝑂 + 𝑂𝐻
− (43) 
 𝑀𝑔𝐾𝑃𝑂4 · 6𝐻2𝑂(𝑠)
∆
→ 6𝐻2𝑂(𝑔) + 𝑀𝑔𝐾𝑃𝑂4(𝑠) (44) 
 𝜒−𝑤 =
𝑀−𝑤
𝑀𝑠
 (45) 
 
𝜒−𝑤 =
6 · 𝑀𝑟𝑤 · 𝛼
𝛼 · 𝑀𝑟𝑀𝐾𝑃 + (1 − 𝛼 + 𝑧) · 𝑀𝑟𝑀𝑔𝑂 + (1 − 𝛼) · 𝑀𝑟𝐾𝐷𝑃 + 𝑀𝑃𝐹𝐴 + 𝑀𝐵(𝑂𝐻)3
 (46) 
 
𝛼 =
(𝑧 · 40.3) +   176.39 + 𝑀𝑃𝐹𝐴 + 𝑀𝐵(𝑂𝐻)3
− 90.11 + 108.12 𝜒−𝑤⁄
 (47) 
 
𝜙1 =
𝑉𝑠
𝑉𝑇𝑜𝑡
=
𝑉𝑠
𝑉𝑠 + 𝑉𝑤
 (48) 
 
𝑉𝑠 =
𝛼 · 𝑀𝑟𝑀𝐾𝑃
𝜌𝑀𝐾𝑃
+
(1 − 𝛼 + 𝑧) · 𝑀𝑟𝑀𝑔𝑂
𝜌𝑀𝑔𝑂
+
(1 − 𝛼) · 𝑀𝑟𝐾𝐷𝑃
𝜌𝐾𝐷𝑃
+
𝑀𝑃𝐹𝐴
𝜌𝑃𝐹𝐴
+
𝑀𝐵(𝑂𝐻)3
𝜌𝐵(𝑂𝐻)3
 (49) 
 𝑉𝑤 = (𝑦 + (𝛼 · 5)) · 𝑀𝑟𝑤 (50) 
 
𝜙2 =
𝑉𝑠
𝑉𝑎𝑝𝑝
=
𝜌𝑎𝑝𝑝  · (1 − 𝜒𝑤)
𝜌𝑠
=
𝜌𝑎𝑝𝑝  · (1 − (𝛼 · 𝜒𝑤 𝑖𝑛𝑖))
𝜌𝑠
 (51) 
 𝛼 = 1 − 𝑒(−𝑎·𝑡
𝑚) (52) 
 𝐸 = 𝐸0 · (1 −
𝑃
𝑃𝑐𝑟𝑖𝑡
⁄ )
𝑛
 (53) 
 𝜎 = 𝐴 · (1 − 𝑃)𝑛 (54) 
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 𝜎 = 𝜎0 · (1 −
𝑃
𝑃𝑐𝑟𝑖𝑡
⁄ ) (55) 
 𝛼 = 𝛼𝑚𝑎𝑥(1 − 𝑒
(−𝑎·𝑡𝑚) ) 
For  𝑁𝑤𝑡𝑜𝑡 < (5 + 𝑁𝑤𝑡𝑟𝑎𝑝), then 𝛼𝑚𝑎𝑥 = 1.  Else   𝛼𝑚𝑎𝑥 =
𝑁𝑤𝑡𝑜𝑡
5+𝑁𝑤𝑡𝑟𝑎𝑝
. 
(56) 
 
𝑘 = 3.51 × 109𝑒𝑥𝑝 [
−68 ± 6 𝑘𝐽 ∙ 𝑚𝑜𝑙−1
𝑅 ∙ 𝑇
] (𝑚𝑔 ∙ 𝑐𝑚−2 ∙ ℎ−1) (57) 
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1  Introduction 
1.1  Nuclear Waste 
This work concerns the development of storage materials for nuclear waste.  Nuclear 
waste generally consists of intrinsically radioactive materials or materials contaminated with 
differing levels of radioactivity.  Such wastes may also contain additional toxic or hazardous 
components.  Within the nuclear industry distinct types of such wastes are termed “waste 
streams”.  So-called “Nuclear Legacy” waste results from the early days of the nuclear 
industry and in the same way that modern nuclear technology differs from that of the 
“Nuclear Era” so too do the resultant waste streams.  Technological progression as well as 
dead-ends, mistakes and redirections have contributed to legacy waste streams which are 
often unique in their disposal and storage requirements.  These legacy waste streams 
encompass not only a diversity of physical forms but also diverse physical, chemical and 
radiological properties [1].  Because of this, dealing with legacy waste streams is one of the 
largest technical challenges facing the 21st century [1]. 
Naturally, the level of radioactivity present in nuclear wastes varies.  In the UK Nuclear 
waste is categorized depending on this activity into low level waste (LLW), intermediate level 
waste (ILW) and high level waste (HLW).  It should be noted that the standard categorization 
system used varies by country.  The American system includes only high and low level 
waste categories, the latter of which is the approximate equivalent of the combined British 
LLW and ILW categories [2].  In this project UK terminology is used. 
Common constituents of ILW are metallic fuel cladding, reactor components, waste 
processing by-products and graphite sludge [3].  These constituents often contain long-lived 
radioisotopes and as a result require long-term storage solutions [3].  The level of activity of 
such waste, although still posing danger to personnel if unshielded, is not sufficient to result 
in significant heat generation.  Hence, unlike HLW, ILW does not require cooling systems to 
enable safe storage.  Processing of ILW to create passive wasteforms has involved 
cementation of the waste within 500 litre stainless steel drums or larger stainless steel boxes 
[3].  This project specifically concerns the cementation metallic uranium pieces with natural 
isotopic composition.  This form of ILW exists within the UK nuclear waste inventory as by-
product from the production of certain types of nuclear fuel and fuel cladding.   
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1.2  The UK Geological Disposal Concept 
Much of the UK’s LLW is stored at a near-surface site in west Cumbria.  However, 
long-term storage options for UK ILW and HLW are still in development [4].  In the UK the 
National Decommissioning Authority (NDA) is responsible for safe and environmental 
management of waste storage facilities [3].  The forerunning long-term disposal concept is 
geological disposal, a potential solution for the long-term storage of solid ILW as well as 
specific LLW streams and potentially HLW [4].  
The geological disposal concept involves the storage of nuclear waste within an 
underground geological disposal facility (GDF), as opposed to a near-surface facility [4].  
This concept adopts a multi-barrier approach, combining natural geological and engineered 
barriers [3].  This is in order to ensure stable storage of the waste over the maximum amount 
of time, thereby allowing radioactive decay processes to reduce the latent waste radioactivity 
[3].  The geological barriers exploited will depend on the specific site geology, which is 
currently unknown.  However, engineering barriers will include the waste package itself, a 
buffer material such as clay, the facility infrastructure and potentially back-filling cement [3].  
Note that in this context “waste package” refers to the combined passive wasteform, steel 
container and any external packaging used (e.g. a polymer wrap) [3]. 
In order to ensure that wasteforms are compatible with the geological disposal concept, 
Nirex ltd. published minimum wasteform requirements [4].  Hence, in order for a 
cementitious material to be suitable for encapsulation of solid ILW the resultant wasteform 
must have [4, 5]: 
 Complete physical immobilisation of toxic materials and a minimum, of particulates, 
 Chemical containment sufficient to ensure leachability of less than 0.1 A2 of 
radioactive material after 7 days submersed in water (A2 = 0.02 TBq if only beta or 
gamma emitting nuclides are present and A2 = 9 x 10-5 TBq if alpha or neutron 
emitting nuclides are present [5]), 
 No components which may hinder chemical containment (e.g. organics), 
 Minimal void volume within the wasteform, 
 Homogeneity sufficient to have no deleterious effects on any aspect of the disposal 
process, 
 Strength sufficient to facilitate wasteform handling and transport, 
 Mass transport properties sufficient to allow the escape of gaseous products but 
maximise the containment of soluble contaminants, 
 Thermal conductivity of at least 0.5 W m-1 K-1, 
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 Gas generation low enough not to compromise the performance of the waste 
package, 
 No potential for the production of hazardous materials unless their safety has been 
proven, 
 Long term stability with respect to wasteform dimensions, irradiation, heat 
generation, microbial activity and corrosion. 
These requirements are to ensure good wasteform performance under normal and 
accident conditions and as such constitute the bench mark for development of new materials 
for solid ILW encapsulation [4].  However, additional processing requirements influence 
encapsulant development.  An example is the necessity for slurries to remain fluid for 2 to 
2.5 hours after initial mixing to maximise in-filling of the cement around the waste and hence 
minimise void volume [6]. 
 
1.3  ILW Encapsulation by Cementation 
The diverse requirements of UK legacy waste streams necessitate application of a range 
of treatment technologies for enabling safe transport and eventual storage or disposal.  
Treatment methods include incineration to reduce waste volume, separation of 
radioactive/toxic contaminants, vitrification and cementation [1].  For ILW the primary 
treatment method is cementation, whereas separation and vitrification techniques are 
generally reserved for HLW. 
Cementation of nuclear waste usually utilises hydraulic cements, of which Portland 
cement (PC) and its’ composites are widely used [7].  The three main categories of cement 
are hydraulic, condensation and acid-base cements.  These categories are differentiated by 
the type of setting reactions which occurs in each, which are hydration, condensation and 
neutralization, respectively [8].  Hydraulic cement can be generally defined as inorganic 
materials which react with water to produce a solid product which is both hard and water 
resistant [7].  In general such cements contain calcium silicates, for example the ubiquitous 
PC [7].  Silicate cements are examples of condensation cements, which form through 
reactions involving [Si-O-Si] bond creation via the loss of water from silanol groups [8].  The 
final category, acid-base cements, are defined as the salt-like hydrogel products of the 
reactions between alkaline powders and acidic liquids [8].  These include the focus of this 
project, phosphate cements.  Common to all cements as a requirement of cementitious 
bonding, the property of cohesion is characteristic of a continuous structure [8].  In the case 
of cement this is an isotropic three dimensional network, titled the “matrix”, maintained by 
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molecular level bonding attractions and the interlocking or bonding of in situ formed solid 
domains [8]. 
Cementation is the dominant treatment technique for ILW streams because it is a single 
step process producing monolithic wasteforms which can be easily transported and stored 
[1].  As a room temperature process it is also energy efficient compared to high temperature 
processes such as vitrification and therefore has a reduced risk of contaminant volatilisation 
[1].  Other benefits of the process include the avoidance of by-product waste streams [1], 
effective immobilisation and encapsulation of contaminants, good radiation shielding and low 
cost [2]. 
 
1.4  Modes of Cementation 
The role played by cement in the cementation of waste and the mechanisms which are 
involved depend on the waste stream’s physical characteristics.  The two main modes of 
cementation are stabilisation and encapsulation of waste, although the boundary between 
the two is often blurred.  The former operates for wastes that are liquids, suspensions or 
granular and is sometimes referred to as stabilisation and solidification (S/S).  The latter 
describes the cementation of larger solids.  The key mechanisms which occur in both 
cementation modes are the same, however, both the degree to which they operate and their 
relative importance differ. 
The three primary mechanisms active in cementation are chemical stabilisation, physical 
micro-encapsulation and physical macro-encapsulation [1].  The chemical stabilisation of 
contaminants occurs through their aqueous reaction with components of the cement slurry to 
form products which have low solubilities under the conditions existing within the resultant 
cementitious matrix [1].  The performance of this mechanism is solely reliant on favourable 
dissolution kinetics, i.e. sufficient waste component solubility is required under the slurry 
conditions [1]. 
Physical micro-encapsulation and macro-encapsulation involve the incorporation of the 
waste within the cementitious matrix at macroscopic and microscopic scales respectively [1].  
Micro-encapsulation acts on small waste particles as well as the low solubility products of 
chemical stabilisation reactions [1].  Hence, chemical stabilisation and micro-encapsulation 
are the dominant mechanism in operation in stabilisation cementation (or S/S) and macro-
encapsulation the dominant mechanism in operation in encapsulation cementation.  
However, chemical stabilisation in particular also plays a role in encapsulation cementation, 
for example at solution-waste interfaces where dissolution of contaminants occurs.  Although 
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micro- and macro- encapsulation are primarily physical processes, chemical matrix-waste 
bonding may occur in parallel. 
The long-term operation of these three mechanisms determines the success with which 
the resultant monolithic wasteforms fulfil their intended roles of enabling storage/disposal of 
ILW. Because this project is concerned with the encapsulation of solid metal wastes, only 
encapsulation cementation is considered in detail. 
 
1.5  Solid Uranium ILW 
The projected volume of UK uranium waste by 2020, once packaged, is 74,950 m3 [3].  
The majority of the uranium currently within UK nuclear waste is depleted [3].  This means 
that it contains a low concentration of 235U, the most common radioactive uranium isotope, 
and so is less radioactive than high or low enriched uranium [3].  Although the average % 
activity of this waste is low compared to that of general ILW and HLW (< 0.01 % compared 
to 3 % and 50 %, respectively), its disposal still constitutes a significant technical challenge 
[3].  This is partly due to the long time-scales involved in storing long-lived fission products 
such as 235U, which has a half-life of 704 million years.   
The primary storage difficulties of metals such as uranium are often related to their 
corrosion.  Uranium has several stable oxidation states, from 3+ to 6+, of which the most 
common and stable is 4+ [1].  Uranium metal is therefore strongly reducing, and in aqueous 
conditions readily undergoes corrosion reactions such as those shown below. 
Aqueous Oxic Corrosion [9] 
 
U +
2 + 𝑥
2
O2 → UO2+𝑥 
(1) 
Anoxic Corrosion [9] 
 U + (2 + 𝑥)H2O → UO2+𝑥 + (2 + 𝑥)H2 
𝛥𝐻ᶱ𝑟 = −2147 𝑘𝐽 · 𝑚𝑜𝑙
−1 
(2) 
 
𝑈 +
3
2
𝐻2 → 𝑈𝐻3 
𝛥𝐻ᶱ𝑟 = −127𝑘𝐽 · 𝑚𝑜𝑙
−1 
(3) 
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3𝑈𝐻3 +
25
4
𝑂3 → 𝑈3𝑂8 +
9
2
𝐻2𝑂 
𝛥𝐻ᶱ𝑟 = −1490 𝑘𝐽 · 𝑚𝑜𝑙
−1 
(4) 
Where 𝛥𝐻ᶱ𝑟  represents the standard enthalpy of reaction. 
It is the corrosion products which cause problems for long-term storage and disposal.  
The lower density of UO2 and H2 gas products relative to the reactants makes them 
expansive [1].  This means UO2 and H2 can cause wasteform cracking and pressurisation of 
storage containers, respectively.  Additional hazards arise from the pyrophoric nature of UH3 
(C.f. Equation (4)), the explosive nature of H2 gas [10] and the ability of U-metal fines 
potentially produced by corrosion to rapidly undergo exothermic oxidation when exposed to 
oxygen [11].  Dry conditions are therefore paramount for achieving storage targets.  Uranium 
corrosion is discussed in more detail subsequently (Chapter 2.1). 
 
1.6  Project Outline 
The aim of this project is to assess the suitability of the magnesium potassium 
phosphate cement (MKPC) system for the encapsulation of solid uranium ILW as an 
alternative for the current PC based systems, as this system has shown some initial 
promise [6, 12].  This thesis contains a review of relevant literature (Chapter 2), the overall 
and initial project aims (Chapter 3), experimental details of the work (Chapter 4), four 
chapters describing and analysing results and outcomes of the work (Chapters 5 to 8) and 
finally conclusions and suggestions for further work (Chapter 9).  Additional material referred 
to throughout is contained in the appendices.  The experimental work performed consists of 
the testing of MKPC processing properties and the selection of 3 encapsulant formulations 
for further testing, the characterisation of MKPC property evolution on aging, and with 
elevated curing temperature, and finally the assessment of the corrosion behaviour of MKPC 
encapsulated uranium metal.   
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2  Literature Review 
2.1  Uranium Metal Corrosion 
2.1.1  Oxidation of Uranium by Gaseous Species  
In order to understand uranium oxidation in complex environments such as grouts, first 
simpler gaseous and aqueous systems were studied.  This work is described here, as many 
of the mechanistic and kinetic details of these systems are thought pertinent to grouted 
uranium metal for which previously reported work is scarce.  In the absence of water vapour, 
oxygen has been observed to oxidise uranium metal according to Equation (1) [13], with 
observed values of x between 0.2 and 0.4 [14]. 
 
U +
2 + 𝑥
2
O2 → UO2+𝑥 
(1) 
Initially UO2+x is yellow, evolving to a brown black colour as the layer thickens, cracks 
and becomes non-protective [9].  A range of reaction kinetics have been reported: linear, 
parabolic and a combination of the two [9, 15].  There is a general recent consensus that 
initial kinetics are parabolic progressing to a linear steady state.  Although theory supporting 
a parabolic long-term corrosion rate have been suggested [16], a simpler linear description 
has been found empirically accurate [17].   
The mechanism of uranium oxidation according to Equation (1) as described by 
Wilkinson in 1962 [18] for oxide coated uranium metal:  Initial fluid transport allows 
interaction and adsorption of O2(g) onto the oxide coating, where dissociation occurs resulting 
in chemisorped atomic oxygen.  Ionisation then occurs at each interface of the oxide, 
producing oxygen and uranium ions at the oxide-gas and oxide-metal interfaces, 
respectively.  Diffusive transport of O2- ions through the oxide to the oxide-metal interface 
allows the final oxide layer growth.  The initial rate limiting step in this process, as indicated 
by initial parabolic kinetics, is the diffusion of O2- ions through the oxide layer to reach the 
metallic uranium [9].  However, the differing crystalline density and lattice parameter of 
uranium oxide and metal result in stresses which are thought the cause of eventual oxide 
layer cracking.  The result is a growing oxide layer within which the minimum distance 
between oxygen access points and the metal surface is approximately constant.  Thus, a 
near steady-state is reached.  This is supported by the correlation of average U-O2(g) 
corrosion activation energies (75 kJ·mol-1) and oxygen diffusion activation energies [17]. 
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Oxidation of uranium metal by water vapour also occurs readily in the absence of O2(g) 
with rates faster than those of O2 [9].  In some instances the product has been reported as 
super-stoichiometric UO2+x, with 𝜒  estimated to be between 0.06 and 0.11 [19], but later 
work finds approximately exact stoichiometry [20, 21].  The general reaction is described by 
Equation (2): 
 U + (2 + 𝑥)H2O → UO2+𝑥 + (2 + 𝑥)H2 (2) 
At 100 %RH the same type of kinetics as in reaction of U-metal with gaseous oxygen 
are reported: initial linear/parabolic rates transitioning to empirically linear kinetics.  With 
activation energies for the alternate reactants, H2O/O2, also shown to be similar indicating a 
similar rate determining step [17].  The mechanism for the H2O(vap)-U reaction is also thought 
similar to that of O2(g)-U, except with the diffusing species being the HO- ion.  The lower 
charge density of this ion compared to O2- would create less Coulombic resistance to its 
diffusion through the oxide layer.  This is one possible explanation of the faster reaction 
rates observed with H2O(vap) [16].  However, loss of oxide layer coherence due to formation 
of mixed oxide and hydrogenated products, discussed subsequently, could also be a 
potential cause [22, 23]. 
In a point of contrast with that of O2(g), the reaction with water vapour has been observed 
to generate lower levels of H2(g) than that described by Equation (2), a phenomenon 
correlating in several instances with the detection of UH3 [19, 22–24].  The formation of 
hydrogen containing UH3 and occasionally hydrated uranium oxides [18, 25] are therefore 
hypothesised as the cause of sub-stoichiometric hydrogen gas production.  However, there 
is limited direct evidence of UH3, uranium hydroxides or hydrated oxides [9].  
The production of uranium hydride is not well understood, with several theories 
proposed to explain its production.  These include the presence of hydride as an 
intermediate in UO2+x formation according to Equations (3) & (4), as well as forming one 
possible destination, alongside H2(g), for chemisorped protons produced after reaction of 
hydroxide ions and uranium atoms at the metal-oxide interface.  Both hypotheses correlates 
with findings that hydride formation is more significant in crevices geometries where escape 
of the H2(g) corrosion product is restricted.   
The presence of oxygen has been found to inhibit the reaction between water and 
uranium metal.  The retardation is attributed to the obstruction of water absorption by oxygen 
monolayer formation.  Total inhibition of HO- as the anodic corrosion species is reported at 
levels of more than 100 ppm [16], although rates of corrosion are still faster than that with 
O2(g) alone.  The latter phenomenon is attributed to the supply of O2- to the system from 
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water and oxygen species.  The reaction products in the presence of both reactants, O2 and 
H2O, have been found identical to those formed by water alone, with the exception that 
super-stoichiometric UO2, similar to that observed from the O2-U reaction, has been 
identified, rather than the stoichiometric product generally reported for reaction in anoxic 
water vapour [20, 21]. 
 
2.1.1  Aqueous Uranium Corrosion 
 The mechanism for the oxidation of uranium in aqueous environments has been 
understood to be the same as that reported for water vapour at 100 %RH: Adsorption and 
dissociation of water onto the oxide layer followed by diffusion of HO- to the metal surface 
where it reacts to form UO2.  The kinetics of oxidation by water vapour and aqueous water 
have also been reported to be very similar [15].  The aqueous corrosion of uranium has been 
found to adhere to an Arrhenius type temperature dependence between 24 °C and 
350 °C [26].  The work of Wilkinson [18] and others has supplied several estimations of the 
constants within this relationship, which will be discussed subsequently in the context of the 
results of this work (Chapter 8.3.1).   
Arrhenius Equation 
 
𝑘 = 𝐴 · 𝑒(
−𝐸𝑎
𝑅·𝑇 ) 
(5) 
Where k is the rate constant for corrosion, Ea is the activation energy associated with the chemical 
process, R is the real gas constant, T the absolute temperature and A is the pre-exponential constant. 
The same sub-stoichiometric production of H2(g) is observed in oxygen free-aqueous 
reaction as for water vapour, with the same possible explanations: formation of hydride, 
hydroxide or hydrate compounds [9].  The presence of oxygen also slows the aqueous 
corrosion rate, presumed to once again be based on a similar oxygen monolayer inhibition 
mechanism [9].  Similar intrinsic long-term reaction rates have been observed for metallic 
samples with and without a history of exposure to radiation [15].  With the irradiative swelling 
of samples found to cause an apparent rate increase due to the produced increase in 
surface area.  Unfortunately, there is a scarcity of research concerning grouted uranium 
metal corrosion in the technical literature and that which exists is described within the 
analysis (C.f. Chapter 8.3). 
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2.2  Phosphate Cements as Alternative Uranium Metal Encapsulants 
PC has a long history as a low and intermediate level waste (L/ILW) encapsulant and is 
the most used system for wet solid and liquid wastes [7].  Current UK ILW encapsulation 
uses composite cements based on high replacement of PC with blast furnace slag (BFS) or 
pulverised fly ash (PFA) [6].  Addition of the PFA and BFS industrial waste products 
improves the processing, strength, heat evolution, durability and permeability characteristics 
of the cements [6].  The current standard encapsulation matrices in the UK are PC/BFS, with 
a PC:BFS ratio of 1:3, and PC/PFA, with a PC:PFA ratio of 1:3 [27]. 
The diversity of nuclear waste streams and their characteristics means that there can be 
no “one size fits all” encapsulant.  As a result there is a desire to develop alternative 
encapsulant systems to enable a “toolbox” approach to nuclear waste encapsulation with the 
aim of improving upon the performance of PC waste packages for certain waste streams [6, 
28].  Certain characteristics of PC are not ideal for metallic uranium encapsulation and could 
ultimately shorten the waste containment periods.  These include the existence of significant 
unbound water within the porous matrix which combined with the high pH of the pore 
solution (pH around 12-14) may results in accelerated corrosion rates of reactive metals [6].  
The combination of the expansive products and hydrogen gas produced during corrosion 
can result in compromised wasteform durability due to cracking and hence reduced 
wasteform lifetimes [6]. 
The potential suitability of using phosphate cements for stable storage/disposal of ILW is 
indicated by natural minerals, such as apatites and monazites, which often contain 
radioactive phosphates in durable, low solubility, and therefore low mobility forms which 
exhibit little leaching [1].  The matrix forming reactions in phosphate cements therefore have 
the potential to convert hazardous waste components, e.g. reactive metals, into phosphates 
with very low solubilities, generally lower than those of the corresponding metal hydroxide 
[29, 30].  Further advantages of using phosphate cements for uranium encapsulation include 
the potential for lower porosities, more neutral pore solution pH values and improved 
fluidities combined with lower free-water contents [6, 12]. 
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2.2  Acid-Base Cements 
In acid-base cements (ABCs) neutralisation is the majority formation reaction [8].  The 
result is salt hydrogel formation and eventual crystallization to produce a polymeric 
macromolecular binder [8].  Due to the generality of neutralization, the number of potential 
acid-base cement systems is huge [8].  ABCs can have varied and occasionally unusual 
properties, such as rapid setting, adhesion and translucence [8].  The range of their 
applications is correspondingly varied and in some cases they have replaced classical PC 
systems due to the shorter setting times, improved strength and erosion resistance often 
obtainable [8].   
The fabrication of ABCs has similarities with the process for hydraulic cements.  As with 
PC, the cements form through reaction between a powder and a liquid [8].  However, in 
ABCs the liquid is an acidic liquid/solution, rather than water, and the powdered component 
is basic, often a metal oxide or aluminosilicate [8]. The general use of excess powder means 
that unreacted powder is present as filler within in the eventual product.  Not all acidic liquids 
and solid bases will react to form ABCs.  There are certain requirements to fulfil which are 
governed by the kinetics and thermodynamics of metal oxide dissolution.  Acidic liquids 
capable of being used for ABC fabrication must be viscous and highly hydrogen bonding in 
character [8].  These requirements are often fulfilled by using aqueous solutions of organic 
or inorganic acids which achieve viscosity once mixed at suitable W/S ratios with the basic 
powder [8].  Wilson stated [31] that the main requirements of the liquid component were 
firstly to be acidic enough to enable dissolution of metal cations from the powder and 
additionally, to have the ability to form stable salts with said cation, provide a reaction 
medium and solvate reaction products [8].  Solutions of many phosphate salts meet these 
requirements and as a result phosphate cements are among the most common ABCs. 
 
2.3  Phosphate Bonded Cements 
Phosphate cements are acid-base cements (ABCs) which can be produced by reacting 
orthophosphoric acid solutions, formed from phosphate salts such as KH2PO4 (potassium 
dihydrogen phosphate or KDP), with basic metal oxides or aluminosilicates at ambient 
temperature [8].  The range of phosphate systems available includes both condensation and 
acid-base cements, although the primary focus of this investigation is the latter [8].  Oxides 
of Be, Cu, Cd, Sn, Pb, Zn, Mg and Mn can all undergo reaction, although the latter three 
must first be calcined [8].  If the oxides are too basic/soluble then rapid reaction can lead to 
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the formation of non-cementitious, highly crystalline products [8].  Conversely, no reaction 
occurs with acidic or neutral oxides [8]. 
In Kingery’s initial investigations into phosphate cements in 1950 [32] he assumed that 
an acid phosphate matrix was essential for cement formation and that hydrogen bonds 
between acid phosphate groups constituted the matrix bonds [8].  However, further work has 
shown that although never totally absent from the cement matrix acid phosphates are minor 
reaction products [8].  The use of excess metal oxide leads to neutral orthophosphates as 
major products, containing deprotonated [PO4]2- [8].  The only notable exception to this is 
the formation of a magnesium acid phosphate from MgO and H3PO4, which has few 
applications due to its high solubility in water [8, 33].  However, hydrogen bonding is still 
structurally important in phosphate cements despite the dominance of the aprotic [PO4]2- 
anion complex, operating instead through protons present in bound water [8]. 
 
2.3.1  Cations in Phosphate Cements 
The use of phosphate salts and their solutions, instead of an orthophosphoric acid 
(H2PO4) solution, allows variation of the cement phases produced, and hence modification of 
the products properties [8].  Changing only the identity of the secondary (phosphate salt) 
cation can result in the formation of distinct cement types.  Secondary cations can be used 
to aid in neutralisation of the pH, alter the produced morphology, retard or accelerate setting 
and more generally improve product properties [8].  In this respect mix additives such as 
retarders are often secondary cation sources.  Kingery [32] found that the features favoured 
for secondary cations are identical to those of the primary, metal oxide, cations:  amphoteric, 
weakly basic cations improve bonding and large basic cations had a detrimental effect [8]. 
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2.3.2  Overview of Phosphate Cement Formation 
The following equations represent the principle reactions in phosphate cement formation 
from acidic phosphate solution, as described by Wagh and Jeong [34]. 
Phosphate Dissociation 
 𝐻3𝑃𝑂4(𝑠) → 𝑚𝐻
+
(𝑎𝑞) + 𝐻3−𝑚𝑃𝑂4
𝑚−
(𝑎𝑞) (6) 
Oxide Dissociation 
 𝑀𝑂𝑛(𝑠) + 2𝑛𝐻
+
(𝑎𝑞) → 𝑀
2𝑛+
(𝑎𝑞) + 𝑛𝐻2𝑂(𝑎𝑞) (7) 
“Aquosol” Formation 
 𝑀2𝑛+(𝑎𝑞) + 𝑛𝐻2𝑂(𝑎𝑞) → 𝑀(𝑂𝐻2)
2𝑛+
(𝑎𝑞) (8) 
Hydro-salt Formation 
 𝑀(𝑂𝐻2)
2𝑛+
(𝑎𝑞) + 𝐻𝑃𝑂4
2−
(𝑎𝑞) +2𝐻2𝑂(𝑎𝑞) → 𝑀𝐻𝑃𝑂4 · 3𝐻2𝑂(𝑠) (9) 
Where m=1,2 or 3, 2n+ is the cation charge and bracketed subscripts denote the phase of each 
species. 
The first step in formation of phosphate cement (Equation (6)) is the dissolution and 
dissociation of the phosphate salt in water, which is associated with a drop in the aqueous 
pH [34].  Exposure of metal oxide powders to this acidic solution then results in dissolution 
via direct dissociation or neutralization, as shown by Equation (7) [34].  The metal cations 
released are next described by Wagh & Jeong [34] to form metal “aquosol” species through 
hydration of the aqueous metal cations (Equation (8)) which then react with phosphate 
anions in an acid-base reaction to produce hydrophosphate salts (Equation (9)).  Formation 
of a network of these hydrophosphate salts occurs, resulting in the production of a gel.  
Finally, once saturation of the gel has occurred, crystallisation of a cementitious phase leads 
to formation of a monolithic product [34].  This crystallisation is reported to be facilitated by 
unreacted MgO grains within the slurry acting as condensation nuclei, which results in their 
incorporation into the developing cementitious matrix [34]. 
The matrix can be described as a conglomerate of crystalline domains, each formed 
about a nucleus [8].  Both inter- and intra-domain bonding operates in the structure [8].  
Generally intra-domain bonding is ionic, as would be expected for salts, but with a degree of 
covalency [8].  Conversely, inter-domain attractions resemble those of colloids, being 
dominated by interactions between surfaces that are charged [8], and include hydrogen 
bonding.  The entire system of bonded domains comprises the matrix of the material [8], a 
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matrix consisting of coordinated polyhedra of O2- ions about central cations creating a 
hydrogel structure which resembles aspects of both glass and salt structures [8]. 
The overall process of formation is gelation, the matrix produced being a gel [8].  No 
definitive definition of gels exists, principally due to the diversity of gel constituents [8]. 
However, two definitions which apply to acid-base cements are that of Jong (1949) and 
Florey (1953 & 1947) [8].  Jong defined gels as a system of solid character in which colloidal 
particles constitute a coherent structure and Florey stated they are the result of forming an 
infinite three dimensional network [8].  It should be noted that a key requirement of gelation 
is the formation of molecular cross links, although there is disagreement as to the precise 
nature of these bridges [8]. 
 
2.3.3  Oxide Requirements for ABC Formation 
Wilson and Nicholson [8] describe the two key steps in ABC formation as i) Dissolution 
of the metal oxide and ii) neutralisation of the acid by complex metal cations allowing 
structural formation [8].  The balance of rates for these processes is important to ensure 
coherent structural formation [8].  If dissolution of metal cations is too fast the precipitate 
which forms is incoherent, but if dissolution is too slow then the resultant structure will have 
low strength [8].  Wagh and Jeong [34] are more specific in their description, agreeing with 
Wilson and Nicholson [8] on the first step, but defining the second as metal cation hydration 
to form “aquosols”.  They state that the rates of these two processes are key in determining 
the kinetics and thermodynamics of ABC formation, with the first defining the minimum pH 
for ABC formation, and the latter the pH range [34].   
Wagh & Jeong [34] describe “aquosol” formation through a distinct reaction in which 
water molecules co-ordinate to aqueous cations (C.f. Equation (8)), using the term “aquosol” 
to refer to the combination of the aqueous ion and hydration sphere.  This “aquosol” form is 
important because it shields the metal cation from phosphate anions thereby preventing 
immediate reaction.  However, the co-ordination of metal ions by water is implicit in their 
existence in the aqueous phase and as such does not possess a rate distinct form that of 
dissolution.  Hence, the author thinks that the more appropriate description is that of Wilson 
and Nicholson [8]: the second key rate is the rate of reaction between the oppositely charged 
ions, or perhaps the rate at which the solution saturation point with respect to product 
phases is reached. 
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Successful cement formation requires a metal oxide with suitable solubility and basicity.  
The oxide solubility must be: 1) sufficient for its dissolution to result in production of a 
saturated gel, 2) moderate enough to allow slow crystallisation of said gel into a coherent 
structure, 3) able to result in slow and even dissolution, reaction and hence heat evolution 
[34].  The results of these requirements are solubility limits, quantified by Wagh & Jeong [34] 
and described subsequently.  In general powders supplying cations that have high charge 
densities and are amphoteric, i.e. those capable of acting in acidic or basic manners by 
reaction with H+ or OH-, are favoured for ABC formation [8].  These are usually oxides or 
hydroxides of divalent and trivalent metals or silicate minerals [8].  Additionally, more basic 
cations are worse cement formers [8].  One reason for this is that the metal cation must be 
able to form complexes containing a degree of π–bonding character, as well as salts which 
rely mostly on the metals σ–acceptor abilities [8].  Example cations in order of their efficiency 
in ABC formation are:  Al3+>Cu2+>Zn2+>>Mg2+>Ca2+ [8]. 
 
 
2.3.4  Phosphoric Acid Dissolution 
The phosphate species present in acidic phosphate solutions, such as those used in the 
fabrication of phosphate cements, are described by the series of dissociation equilibria 
represented in equation (9): 
𝐻𝑛𝑃𝑂4 ⥋ 𝐻
+ + 𝐻𝑛−1𝑃𝑂4
𝑚−      (9) 
Where n = 1, 2 or 3 and m = 3 - (n - 1). 
The balance of these equilibria, and hence the dominant solution species is dependent 
on the solution pH.  At pH < 2.1 the dominant species is phosphoric acid and the equilibrium 
is shifted against dissociation.  At 2.1 < pH < 7.2 the dominant solution species is 𝐻2𝑃𝑂4
− 
and 𝐻𝑃𝑂4
2− is a minor solution component.  Both of these species reach equal 
concentration at pH = 7.2, and at pH > 7.2 𝐻𝑃𝑂4
2− becomes dominant and 𝐻2𝑃𝑂4
− minor.  
The acid-base reaction required for cement formation involves phosphate anions and hence 
requires a pH > 2.1 at which both 𝐻2𝑃𝑂4
− and 𝐻𝑃𝑂4
2− species are relevant. 
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2.3.5  The Thermodynamics and Kinetics of Oxide Dissolution 
On stirring the basic metal oxide powder into the acidic solution, dissolution of the oxide 
initiates the acid-base neutralization reaction between phosphate and metal ions, raising the 
pH above the initial phosphate solution value [34].  The dissolution reaction is represented 
by Equation (7), but as the pH increases additional reactions producing metal hydroxides 
also occur. 
The solubility of the metal oxide with respect to dissolution by neutralisation can be 
represented by the thermodynamic equilibrium constant for the reaction, Kr.  Equation (10) 
defines Kr in terms of species concentrations [34].  Hence, the greater the value of Kr, the 
more soluble the oxide in acidic solution.  The thermodynamic solubility constant is related to 
the Gibbs energy change of the reaction, 𝛥𝐺𝑟, by Equation (11), which is itself defined by the 
difference in the Gibbs energies of formation of the products and reactants, as seen in 
Equation (12) [34].  The more negative the value of 𝛥𝐺𝑟, the more favourable the dissolution 
of the oxide.  Pourbaix [35] proved the connection between metal cation concentration and 
pH, shown by Equation (13). 
 
 
𝐾𝑟 =
[𝑀2𝑛+(𝑎𝑞)]
[𝑀𝑂𝑛][𝐻+]2𝑛
 
(10) 
  
𝑝𝐾𝑟 = − log 𝐾𝑟 =
𝛥𝐺𝑟
2.301𝑘𝐵𝑇
 
(11) 
  𝛥𝐺𝑟 = 𝐺(𝑀
2𝑛+
(𝑎𝑞)) + 𝑛𝐺(𝐻2𝑂) − 𝐺(𝑀𝑂𝑛) − 2𝑛𝐺(𝐻
+) (12) 
 log[𝑀2𝑛+(𝑎𝑞)] = 𝑝𝐾𝑟 − 2𝑛(𝑝𝐻) (13) 
Where square brackets denote concentration, 𝑘𝑏 the Boltzmann constant and T the temperature. 
 
 
Table 1.  Showing kinetic and thermodynamic data for the dissolution of MgO and CaO in 
orthophosphoric acid solution [34]. 
Reaction pKr 
ΔHr 
/kJ·mol-1 
pHmi
n 
[dQ/d(pH)]mi
n 
Equ. 
𝑀𝑔𝑂 + 𝐻3𝑃𝑂4 + 2𝐻2𝑂 → 𝑀𝑔𝐻𝑃𝑂4 · 3𝐻2𝑂 17.0 -160 8.5 321.4 (14) 
𝐶𝑎𝑂 + 𝐻3𝑃𝑂4 + 2𝐻2𝑂 → 𝐶𝑎𝐻𝑃𝑂4 · 3𝐻2𝑂 23.0 -186 11.5 372.2 (15) 
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Utilising the Equation (13) relationship Wagh & Jeong [34] have explored the correlation 
between cation concentration and solution pH for different metal oxides.  On plotting 
log[M2n+(aq)]  versus pH for different metal oxides (C.f. Figure 1) they observed that the 
minimum pH for controlled oxide dissolution is given by 𝑝𝐻𝑚𝑖𝑛 = 𝑝𝐾/2𝑛, where 2n is the 
metal valency.  This is based on the criterion for controlled dissolution being 𝑙𝑜𝑔[𝑀2𝑛+(𝑎𝑞)] ≤
0 and provides a method for checking the suitability of oxide-acid pairs for acid-base cement 
formation. 
We can observe both in Figure 1 and 
Table 1 that both CaO and MgO are too 
soluble to satisfy 𝑙𝑜𝑔[𝑀2𝑛+(𝑎𝑞)] ≤ 0 in the 
acidic region, although MgO has a much lower 
pHmin than CaO.  Thus, CaO is unsuitable for 
phosphate cement formation.  However, by 
using solutions of phosphate salts with higher 
saturation pH values (C.f. Table 2) and 
lowering the effective pHmin of MgO by methods 
such as calcination and retarder use, 
magnesium phosphate cements can be fabricated.   
Table 2.   Showing saturation pH values 
for common phosphate salts [34]: 
Solution pH 
𝑁𝐻4𝐻2𝑃𝑂4(𝑎𝑞) 3.8 
(𝑁𝐻4)2𝐻𝑃𝑂4(𝑎𝑞) 2.3 
𝐾𝐻2𝑃𝑂4(𝑎𝑞) 4.1 
Figure 1.  Showing a plot of log[M2n+(aq)]  versus pH for different 
metal oxides, using data from [34]. 
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2.4  Magnesium Phosphate Cement 
Magnesium phosphate cement formation is usually achieved through room temperature 
reaction of calcined MgO and an orthophosphate salt, in the presence of a retarder.  As 
previously mentioned, the choice of secondary cation has a strong influence on the 
properties of the cement produced [8].  Table 3 shows details of the main magnesium 
phosphate cement types with practical applications.  Unlike other acid-base cements these 
are mainly crystalline [8, 29].  The magnesium phosphate cement forming reaction 
investigated in this project is shown by Equation (21) and has the advantages of relatively 
low heat evolution, enabling large sample sizes, and avoids the evolution of ammonia gas 
[1].  The main added cost of phosphate cements over conventional PC based cements is the 
expensive phosphates and their conversion to usable salts [1]. 
Compared to traditional PC cements, magnesium phosphate cements can have many 
improved properties.  Examples include: higher short- and long-term strengths [36, 37], 
better freeze-thaw and wet-dry durability [38], reduced permeability [37], and higher 
resistance to sulphate attack [39].  Due to these improvements the cements have been 
investigated for use in applications including as refractory materials [32, 40], dental cements 
[41], rapid setting cements [42], structural repair work [43, 44], both benign [39] and 
radioactive waste management [30, 45, 46] and oil field cements [1]. 
 
  
Table 3.  Showing the main binder forming reaction, initial pH, achievable sample size and product mineral 
name for major magnesium phosphate cements [1, p. 104]. 
Principle Reaction pHmin 
Sample 
Vol. 
Binder Ref. Equ. 
𝑀𝑔𝑂 + 𝑀𝑔(𝐻2𝑃𝑂4)2 · 2𝐻2𝑂 + 3𝐻2𝑂 → 2𝑀𝑔𝐻𝑃𝑂4 · 3𝐻2𝑂 2.3 Small Newberyite [47] (16) 
𝑀𝑔𝑂 + 𝑁𝐻4𝐻2𝑃𝑂4 +5𝐻2𝑂 → 𝑀𝑔𝑁𝐻4𝑃𝑂4 · 6𝐻2𝑂  3.8 Any Struvite [48] (17) 
𝑀𝑔𝑂 + 2𝑁𝐻4𝐻2𝑃𝑂4 +3𝐻2𝑂 → 𝑀𝑔(𝑁𝐻4)2(𝐻𝑃𝑂4)2 · 4𝐻2𝑂 3.8 Small Schertelite [40] (18) 
𝑀𝑔𝑂 + (𝑁𝐻4)2𝐻𝑃𝑂4 +5𝐻2𝑂 → 𝑀𝑔𝑁𝐻4𝑃𝑂4 · 6𝐻2𝑂 + 𝑁𝐻3 ↑ 7.2 Any Struvite [49] (19) 
𝑀𝑔𝑂 + 𝐴𝑙(𝐻2𝑃𝑂4)3 +5𝐻2𝑂 → 𝑀𝑔𝑁𝐻4𝑃𝑂4 · 6𝐻2𝑂 <1 - Newberyite [33] (20) 
𝑀𝑔𝑂 + 𝐾𝐻2𝑃𝑂4 +5𝐻2𝑂 → 𝑀𝑔𝐾𝑃𝑂4 · 6𝐻2𝑂 4.3-8 Any K-struvite 
[6, 29, 
50] 
(21) 
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2..4.1  Magnesium Ammonium Phosphate Cement  
Magnesium ammonium phosphate cement (MAmPC) was the forerunner to the 
magnesium potassium phosphate cement (MKPC) system investigated in this project.  As 
the more researched of the two systems and considering the main binder phase of each 
(MgKPO4·6H2O & MgNH4PO4·6H2O) are isomorphs, MAmPC is worth discussing as a point 
of comparison.  The cement is formed through reaction between the acid phosphate, 
ammonium dihydrogen phosphate, NH4H2PO4, and powdered MgO in water to produce a 
main binding phase consisting of ammonium phosphate hydrates. [29, 51].  The overall 
struvite binder forming reaction is described in Table 3 by Equation (17), although there is 
general agreement on the formation of multiple product phases, including the intermediate 
phase Schertelite (Mg(NH4)2(HPO4)2 · 4H2O) and under certain conditions Dittmarite 
(MgNH4PO4. H2O) [52].  The combination of phases formed and their relative amounts is 
dependent on reaction conditions and mix composition [52].  While, Abdelrazig et al.[48] and 
Nieman & Sarma [41] agree that the high level of crystallinity exhibited by the cement must 
be due to a through solution mechanism of crystalline phase development.  
Soudée & Péra [53] investigated the setting mechanism in operation in the magnesium 
ammonium phosphate system, confirming the exothermic nature of the acid-base reaction.  
They describe the development of a struvite network as occurring via the reaction of a 
hydrated magnesium species, [Mg(H2O)6]2+ attached to MgO particle surfaces, with aqueous 
PO43- and NH4+ ions [53].  In a separate investigation Yang & Wu [54] found that, due to the 
large exotherm associated with setting, setting and hardening of the cement occurred within 
an hour even at temperatures as low as -10 °C.  They report that the main factors affecting 
the rate of setting as the retarder content, the temperature of the mixture and the specific 
surface area of the MgO.   
Struvite has been found to display highly varied morphologies, including needle-like, 
platey, ellipsoidal and rod-like [48].  The variation of struvite morphology has been described 
by both Popovics et at. [55] and Abbona and Boistelle [56], with the latter describing struvite 
morphology as dependent on changes in the degree of super-saturation, impurity 
concentration and pH [48].  Popovics et al. [55] also found that an increased irregularity in 
crystal growth, and as a result reduced compressive strength values, resulted from the use 
of elevated temperature curing conditions.   
The variation of MAmPC formulation throughout the technical literature has produced 
products with a variety of properties.  The M:P (MgO:PO4) ratio used is not standardised but 
the ultimate strength of mortars has been optimised with molar M:P ratios of between 4:1 or 
5:1 [54].  Inert or semi-inert filler such as quartz-sand or pulverised fly ash (PFA) are also 
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general mix constituents.  PFA in particular contributes towards lower heat evolution, higher 
strength and improved mix workability properties whilst having little effect on setting time 
[54].  In fact, with retarder use compressive strength values for MAmPC mortars have 
reportedly reached around 70 MPa [52, 57].  Surprisingly, the long-term strength 
development has been observed not to be mirrored by any long-term development of 
chemical composition [48].   
In general it has been found that compressive strength values of magnesium ammonium 
phosphate were dependant on W/S ratio used [43, 48, 55].  Higher W/S ratios lead to lower 
strength, higher porosity mortars [48].  This adverse effect on mechanical properties is 
attributed to the formation of a network of fine pores by evaporation of excess water [51].  As 
a result Hall et al. [51] suggest that for maximum strength the water content used should be 
just over that required for complete theoretical phosphate reaction, the excess to take into 
account the potential for heterogeneity in the slurry.  In addition to mechanical properties, 
crystal phase morphologies have also been found to be highly sensitive to water content 
[51]. 
 
2.4.2  Magnesium-Potassium-Phosphate Cement (MKPC) 
MKPC’s properties are in many ways similar to those of its ammonium analogue, 
magnesium ammonium phosphate cement, for example rapid setting and compressive 
strength development.  The cement properties are dependent on formulation and setting 
times ranging from 20 minutes [1] to 24 hours [6] have been reported.   
The acid phosphate, potassium dihydrogen phosphate (KH2PO4 or KDP) produces 
magnesium potassium phosphate cement when reacted in the manner already described for 
magnesium ammonium phosphate cement.  The calcination and retardation techniques for 
both these cements are essentially the same.  MKPC is generally fabricated by addition of 
KDP, boric acid, calcined MgO and a filler material such as PFA into a quantity of mix water.  
Equation (21) shows the main binder forming reaction for MKPC, which produces a highly 
crystalline phase called K-struvite or MKP-hexahydrate [1, 29]. 
 
𝑀𝑔𝑂 +  𝐾𝐻2𝑃𝑂4 +  5𝐻2𝑂 →  𝑀𝑔𝐾𝑃𝑂4. 6𝐻2𝑂 
(21) 
Mathew & Schroeder [58] have shown MKP-hexahydrate (MgKPO4·6H2O), the main 
binder phase in MKPC, to be isomorphous with its ammonium analogue struvite 
(MgNH4PO4·6H2O) by determining its’ crystal structure.  The absence of significant changes 
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in the crystal structure due to the replacement NH4+ with K+ justifies the comparison of some 
MKPC properties with those of its’ ammonium counterpart [58].  The thermodynamics of 
setting are, however very different for the two cements since the energetically favourable 
loss of ammonia gas is not possible in the MKPC system.  The lack of ammonia gas 
evolution also implies lower relative degrees of porosity in MKPC.  Both phases are 
thermodynamically stable under ambient conditions.  A fact demonstrated by low aqueous 
solubilities and solubility product values (Ksp) of 10-11 and 10-13 for the ammonium and 
potassium analogues, respectively [59].   
Other research into the crystal structure of K-Struvite includes work by Stefov et al. [60] 
who elucidated the vibrational spectra of the crystal using Fourier transform infrared and 
Raman spectroscopy.  Part of this structure is illustrated in Figure 2, including the Mg metal 
centre which is coordinated by 6H2O groups in an octahedral geometry, the same geometry 
as the primary hydration sphere of aqueous Mg2+. 
  
Figure 2.  Showing part of the crystal structure of K-struvite/MKP-hexahydrate (MgKPO4·6H2O) [60].  
Atomic positions are shown with markers described by the key for H, Mg and O, with numbers 
identifying symmetrically unique unit cell atoms and subscripts differentiating water/phosphate unit O 
atoms.  Solid lines denote coordinate and covalent bonds while dashed lines represent hydrogen 
bonds.  Finally, the unit cell axis (a, b and c) are indicated, top right. 
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2.4.3  Reactivity Control in Magnesium Phosphate Cement 
2.4.3.1  Retarder Inclusion 
Addition of retarders to magnesium phosphate cement has been found to extend the 
cement setting time and improve paste fluidities, product compressive strengths and product 
densities [1, 52, 57].  Commonly used retarders include sodium tripolyphosphate (Na5P3O10), 
borax (Na2B4O7·H2O) and boric acid (B(OH)3).  However when testing the effect of three 
retarders on the MAmPC system, Hall et al. [52] found boron based compounds proved most 
successful.  Increasing the amount of borax or boric acid used resulted in a cumulative 
increase in mortar setting times.  In contrast, the degree of retardation of sodium 
tripolyphosphate was found to reach a maximum at its solubility limit in the phosphate 
solution (calculated as 340 g dm-3), after which the setting time actually declined.   
A possible reported mechanism for boron retardation, as initially proposed by Sugama 
and Kuckaka [49], is formation of a low solubility polymeric magnesium boron phosphate 
coating called “Lünebergite” (Mg3B2(PO4)2·(OH)6·6H2O) on MgO particles, limiting the rate of 
MgO dissolution and so slowing binder formation [29, 61].  The proposal was supported by 
Yang and Wu [54] on the basis that variations in the amount of phosphate used in their 
investigation of borax retardation had little effect on the degree of retardation when borax 
and MgO concentrations were unchanged.  Thus, the action of the retarder on phosphate is 
ruled out in potential mechanisms. 
However, Hall et al. [52] suggest that in the phosphate solution, with an initial pH of 
around 5, the dominant boron solution species are most likely to be B(OH)3 and B(OH)4- and 
not B4O72- as suggested by Sugama and Kuckaka [49].  Additionally, Hall et al. [52] report 
borate-phosphate precipitate phases to be unstable under these conditions, having a lower 
stability limit of pH 9.  The alternative mechanism proposed for reducing the Mg2+ dissolution 
rate is the chemisorption of boric acid onto MgO grain surfaces through covalent bond 
formation, represented in Equations (22) and (23) below: 
 
 
𝑀 − 𝑂𝐻 + 𝐵(𝑂𝐻)4
− → 𝑀 − 𝑂 − 𝐵(𝑂𝐻)3
− +  𝐻2𝑂 
(22) 
 
𝐻2𝑂 + 𝐵(𝑂𝐻)3  →  𝐵(𝑂𝐻)4
− +  𝐻+ 
(23) 
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2.4.3.2  Calcination of MgO Powder 
In order to create a viable product the reactivity of the MgO must first be reduced by 
calcination [8, 29].  For dead burned magnesia (DBM) this involves heating the powder to 
above around 1300°C which induces an increase in average particle size, a reduction in 
particle porosity and increased surface crystallinity [34, 62].  This decreases the specific 
surface area of the oxide available for dissolution and hence its reactivity [8].  The 
reorganisation of the MgO surface to become more crystalline, is also suggested to reduce 
the MgO solubility  [1].  Light burned magnesia (LBM) is treated at a lower temperature and 
is generally too reactive for MKPC synthesis.  An example of the different neutralisation 
behaviour of calcined and uncalcined MgO after addition to acidic solution is shown in Figure 
3.    
Figure 3.  A plot of solution pH versus time for the addition of uncalcined & calcined MgO (2 g) to 
phosphoric acid solution (0.1 mol in an undefined volume), illustrating the slower solution 
neutralisation affected through pre-calcination of the oxide, using data from [1]. 
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Wagh & Jeong [34] suggest that of the multiple changes affected by calcination, the 
significant reduction in MgO reactivity is attributed to the surface area reduction mentioned.  
This conclusion is based on a body of evidence, such as data on the relative reactivity of 
calcined and uncalcined MgO shown in Figure 3. 
 
2.4.4  MKPC for ILW Encapsulation 
Much work has been done and several patents published by Wagh and colleagues at 
the Argonne National Laboratory on the use of MKP for microencapsulation and stabilization 
of nuclear wastes [46, 50, 64–66] but little has been published concerning the 
macro-encapsulation of solid nuclear waste [45].  There has, however been some recent 
work done in the UK on the application of MKPC for encapsulation of metallic wastes such 
as uranium [6, 12]. 
Some MKPC properties suggest it has potential as an encapsulation matrix for solid 
metallic ILW.  Unlike magnesium ammonium phosphate cement MKPC does not evolve 
ammonium, making it suitable for use indoors or in sealed containers such as those used in 
ILW encapsulation [1].  In addition, large cement monoliths can be formed due to the low 
rate of heat evolution achievable in MKPC [1].   
Processing characteristics, which are critical to ensure the compatibility of slurries with 
current encapsulation plant processing procedures, such as fluidity and workability have also 
been shown to be favourable [6].  It is worth noting that all the subtleties of the roles which 
PFA performs within MKPC are unknown.  It is often referred to as inert filler, however, Class 
C and Class F PFA from the USA have both been reported to participate in binder forming 
reactions [1].  It is possible that this characteristic of PFA is at least partly due to the 
hydration of the CaO component to form C-S-H gel, however a similar reaction involving 
MgO forming M-S-H gel is also possible [67].  PFA available in America is generally more 
CaO rich than that available in the UK, so C-S-H forming reactions are expected to occur to 
a lesser extent in MKPC fabricated in the UK. 
Hayes et al. [6] performed initial research into processing characteristics, investigating 
pairs of M:P ratios and water contents in order to demonstrate processing compliance of the 
cement within a range of formulations.  The stoichiometry of the main MKP forming reaction 
described by Equation (21) is 1:1 in MgO:KH2PO4 (M:P), however in industry a 4:1 M:P ratio 
is often used to provide formulations with improved strength and low setting time (around 20 
minutes) [6].  Hence, in order to allow sufficient fluidity and processing time prior to set, the 
formulations tested by Hayes et al. [6] were based on MgO:KH2PO4 ratios of 1.5:1 and 
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1.25:1, using 60 Mesh magnesium oxide and included 2 wt.% Boric acid as retarder.  PFA 
was also included at 50 wt.% as a filler to reduce the heat evolution during setting [6].  Both 
the boric acid and PFA weight percentages were calculated only with respect to the total 
mass of reactive mix components, i.e. MgO, H2O and KH2PO4 [6].  Finally, the formulations 
included two different W/S (water/solid) ratios, 0.3 and 0.32 by mass.  The former 
corresponds to a molar H2O:KH2PO4 (W:P) ratio of 5.5:1 [6]. 
Despite the low W/S ratios, the formulations exhibited significantly increased fluidities 
relative to those of a control grout (3:1 BFS/PC with W/S by mass of 0.35) [6].  Additionally, 
moderate temperature increases for 3 L samples (10°C to 31°C), no bleed, initial set at 3 
to10 h and final set at < 24 h were reported [6].  Unsurprisingly set reduction correlated with 
increasing MgO content.  Perhaps most significantly, the plastic pH range of the cements 
was found to lie between 5 and 7, a value much lower that of 12.8 obtained for the same 
control grout (3:1 BFS/PC) and well within the stability range of metal phosphates [6].  The 
high fluidity at water contents only slightly in excess of those required for complete 
phosphate reaction, could imply low free water content in the produced monoliths.  
Combined with the low cement pH this evidence suggests the potential for application of 
MKPC to reactive metal encapsulation. 
Hayes et al. tested this hypothesis with a 40 day corrosion trial in which aluminium metal 
was encapsulated in MKPC within air tight containers (C.f. Figure 4) [6].  The formulations 
used were very similar to those discussed above.  Using the ideal gas law the known void 
volume and by recording the temperature and increasing pressure of the vessels hydrogen 
gas production was determined [6].  As hydrogen gas is a product of corrosion reactions, the 
corrosion rate can be expressed in terms of hydrogen production rate.  
 
Table 4.  The results of MKPC/Al-metal wasteform corrosion trials, from [6]: 
Formulation 
Peak Rate first 24 
hours / g·m-2·day-1 
Rate at 24 hours 
g·m-2·day-1 
Rate at 4 days / 
g·m-2·day-1 
Rate at 40 days / 
g·m-2·day-1 
Mg:PO4 1.25:1, W/S 
0.32, at 25°C 
0.55 0.50 0.01 No change 
Mg:PO4 1.5:1, W/S 
0.31, at 25°C 
0.82 0.47 0.004 No change 
BFS:OPC 9:1, W/S 
0.33, at 40°C 
96.5 13.5 1.66 Not done 
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As shown in Table 4, in the small scale trial of Hayes et al. aluminium corrosion rates 
were shown to be significantly reduced relative to a 9:1 BFS/PC control with no corrosion 
detected by this method at 40 days [6].  However, it must be noted that the BFS/PC control 
sample was cured at a higher temperature than those of the other samples.   
Further to the work of Hayes et al., Covill et al. [12] have performed research aimed at 
the detailed characterisation of MKPC formulations suitable for metallic uranium 
encapsulation.  The formulations in question are similar to those of Hayes et al. [6].  If the 
same compositional definitions are use, the formulations contained 50 wt.% PFA, 2 wt.% 
Boric acid, a molar MgO:KH2PO4: ratio of 1.5:1 and W/S ratios of 0.26 and 0.28 [12].  The 
W/S ratio of 0.26 corresponds almost exactly to the stoichiometric amount of water required 
for forming MKP-hexahydrate (A Molar W/P of 5, C.f. Equation (21)), whereas Hayes et al. 
[6] used at least a 0.5 moles excess for every mole of phosphate [12]. 
Extensive testing was performed on the cements up to curing ages of 360 days, 
including that of cement fluidity, set time, slurry pH, bleed, temperature, compressive 
strength, dimensional stability and porosity.  Analytical techniques used include DSC 
(Differential Scanning Calorimetry) and TG (Thermogravimetry), both carried out between 
30°C and 1000°C, as well as XRD (X-ray diffraction) [12].  The results obtained are in 
general agreement with those of Hayes et al. [6], e.g. the trend of higher fluidities for higher 
Figure 4.  Showing a reaction pressure vessel used by Hayes et al. consisting of 
stainless steel complete with thermometer, pressure transducer and heating 
jacket [6]. 
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W/S ratios and slurry pH measurements in a similar range (Covill et al. [12]: pH 5.32 - 6.01, 
Hayes et al. [6]: pH 5 - 7).   
Perhaps most importantly, the evidence in this work suggests that the cement meets key 
UK NDA requirements for wasteform storage within GDFs (C.f. Chapter 1.2), namely peak 
temperature < 50°C, Compressive strength ≥ 7 MPa at 90 days , and Expansion < 2000 
microstrains at 90 days (equating to < 0.320 mm for 160 mm prisms).  Other notable results 
include measurements of the porosities of both formulations, which decreased gradually with 
age.  This evidence, along with compressive strength development throughout the 360 days, 
indicates continuation of the binder forming reaction [12].  Final measured porosity values of 
13.11 % and 10.34 %, were recorded for the 0.26 and 0.28 W/S formulations, respectively.  
These values are low compared to average porosities for 3:1 BFS:PC and 3:1 PFA:PC 
composite systems of 38.1 % and 44.5 %, respectively [12, 68].   
The cement was also shown to undergo slight expansion during curing, with 0.17% 
sample length expansion measured at 360 days [12].  Covill et al. [12] suggest that this low 
level of expansion indicates that an insignificant degree of MgO hydration occurred to 
produce expansive brucite.  Interestingly, greater expansion was observed for the lower W/S 
ratio samples.  The authors relate this to increased sample porosity resulting in greater water 
uptake from the high humidity curing environment.  This ≥ 95 %RH curing environment may 
not be representative of the environment within sealed steel containers, if it provides water in 
addition to that used in the mix.  Hence, air tight sealing of samples may provide more 
relevant results. 
The development of compressive strength for the two formulations was mostly 
completed within 28 days and shows a familiar trend of greater strength from lower water 
content formulations.  Covill et al. [12] attribute this to the increased water content resulting 
in increased void volume, however this is in disagreement with porosity measurements from 
the same work.   
Analysis of the cements by XRD allowed the detection of only K-struvite, quartz (from 
the PFA) and unreacted MgO as crystalline constituents [12].  This is in agreement with 
previously discussed work by Wagh and Jeong [1] and Singh et al. [45] who additionally 
reported the presence of an amorphous hump due to silica at around 2θ ≈ 20-35°.  Little 
detectable change in the DSC, TG and XRD with age suggests the system has good 
chemical stability, although for definitive evidence longer trials are required [12].  The main 
DSC endotherm at around 100°C is attributed to loss of water of hydration from K-struvite to 
form an anhydrous phase, a hypothesis which is supported by the TG mass loss results [12]. 
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The microstructure of the cement observed consisted of crystalline plates of the main 
reactant product K-struvite [12].  Unreacted grains of MgO were also observed by XRD and 
identified using EDX (Energy-Dispersive X-ray spectroscopy) [12].  Finally, Covill et al. [12] 
state that initial, as yet unreported, results from uranium corrosion trials using the two 
formulations are positive.   
 
2.5  Review Conclusions 
Current PC composite encapsulants contain features capable of limiting the lifetimes of 
ILW packages containing reactive metals such as uranium, aluminium and magnesium (the 
main component of magnox).  These features include high internal pH and relatively high 
free water content.  A different encapsulant category, magnesium phosphate cements have 
been shown to exhibit many beneficial properties enabling their varied application.  MKPC 
has been reported to have near neutral internal pH and low free water content.  Two 
properties which suggest its potential as an alternative to PC encapsulation matrices for UK 
ILW encapsulation.  Although Hayes et al. [6] have performed initial aluminium corrosion 
trials, little openly published data exists on encapsulated U-metal corrosion.  Given the 
complex oxidation behaviour of uranium metal there has been a pressing need to, firstly, 
develop MKPC formulations optimised for uranium metal encapsulation, and secondly, use 
these formulations for the performance of uranium corrosion trials to assess the suitability of 
MKPC for this application.  This work has aimed to address that need.  
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3  Project Aims & Objectives 
The main aims of the project were as follows: 
1. To investigate compositional, microstructural and mechanical development of MKPC 
on aging and under differing curing conditions in order to gain understanding of the 
progression of chemical reactions within the cement in the absence of uranium.  By 
doing so, to determine a curing temperature range which can be used for accelerated 
uranium corrosion studies.   
2. To assess the corrosion behaviour of uranium metal encapsulated within MKPC at 
various temperatures and hence assess the viability of using phosphate cements as 
alternative cementation materials. 
3. To develop a methodology capable of determining the state of water within cement 
phases, i.e. chemically bound or unbound, and assess the possibility of using 
temperature treatments to drive off chemically bound water to produce a more 
ceramic-like product. 
 
With these aims in mind, the investigation objectives were: 
I. To determine property-formulation dependencies for a broad range of cement 
properties, thereby facilitating the choice of encapsulants for further work, 
II. To establish a ceiling temperature for kinetic acceleration of corrosion processes 
without the alteration of fundamental MKPC properties, allowing corrosion trial 
temperature selection, 
III. To establish a base-line of properties for MKPC under normal and corrosion trial 
conditions, and where possible to develop empirical descriptions of MKPC property 
evolution, 
IV. To measure anoxic corrosion rates of MKPC encapsulated uranium metal across a 
range of temperatures, utilising MKPC formulations selected for corrosion 
minimisation, and characterise resultant wasteforms and corrosion products, 
V. To measure the effects of elevated temperature dehydration treatments on MKPC 
properties, informing the feasibility of applying such treatments to MKPC/ILW 
wasteforms. 
The techniques and methodologies used to fulfil these objectives are outlined in 
following chapter, Chapter 4.   
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4  Experimental 
4.1  Starting Materials & Base-Line Data for Component MKPC Phases 
4.1.1  The Starting Materials of MKPC 
The MKPCs tested in this project were fabricated from: deionised water, either 60 Mesh 
or 200 Mesh dead burned magnesia (DBM, 97.9 % assay nedMag 99® from Levhoss UK), 
potassium dihydrogen phosphate (KDP, 99.7 % assay from Prayon), fly ash (PFA, 450-S 
category from CEMEX) and boric acid (99.5 % assay from Fischer Scientific).  The relative 
amounts of starting materials comprising each formulation are detailed in Chapter 5.  The 
specification and characterisation of both the DBM and PFA are now discussed in more 
detail, because of the dependence of the binder forming reaction kinetics on the former, and 
the complex chemical and physical characteristics of the latter.   
 
4.1.1.1  Dead Burned Magnesia Specification & Characterisation 
The reactivity of MgO is accepted as crucial to production of MKPCs and may be critical 
to problems encountered in this work and discussed in Chapter 5.2.3.  This reactivity is 
related to the microstructure and morphology, as well as the specific surface area (SSA) and 
CaO content of the material.  The suppliers for this product, nedMag®, specify their 60 Mesh 
product as containing 55 - 65 wt.% of particles with diameters < 63 µm, and the 200 Mesh 
product as containing 0 - 5 wt.% of particles with diameters > 71 µm.  With both products 
stated to contain < 0.9 wt.% of CaO.  However, collection of more detailed physical 
characterisation data was deemed appropriate on occurrence of reproducibility issues and 
was undertaken around 15 months after the commencement of this work. 
Concurrent laser diffraction (LD) and nitrogen absorption (N2-BET) techniques were 
used for physical characterisation of the DBM.  The LD technique determines diameters of 
solution dispersed particles by measuring radial variation in the intensity of scattered laser 
light, assuming spherical particle geometry.  This was used to determine particle size 
distributions and was carried using a Mastersizer 2000.  Complementary SSA values were 
collected via N2-BET, which involved measuring the amount of N2 adsorbed with pressure 
and utilising the Brunauer-Emmett-Teller theory of surface gas adsorption to calculate 
specific surface area of the sample.  The equipment used for this was an Autosorb 6B from 
Quantachrome, and the data obtained from these techniques is represented in Figure 5 and 
Table 5. 
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  The SSA measurements were not repeated so quantitative error analysis was not 
undertaken.  The data shows a clear shift to a higher particle size distribution observed for 
the older 60 Mesh sample and a significantly greater volume of lower particle diameters in 
the 200 Mesh sample.  Both observations are reflected in the SSA data.   
The initial processing work, described in Chapter 5.2.3, utilised “Batch-1” 60 and 200 
Mesh DBM within 6 months of delivery.  Subsequent work, from Chapter 5.2.5 onwards but 
excluding work performed with NNL, used the 60 Mesh “Batch-2” DBM within around a year 
after delivery.  The age of the powders may be relevant to their reactivity, as it is well 
established that, on aging, powders such as DBM can undergo reactions such as hydration 
resulting in particulate agglomeration.  According to the supplier all samples were 
manufactured less than three weeks prior to delivery and both 60 and 200 Mesh Batch-1 
DBMs were manufactured at the same time.   
Table 5.  Values of specific surface area (SSA) from N2-BET measurements and, from 
LD measurements, the D(4,3), D10, D50, & D90 particle diameters and associated 
standard deviations (± SD) for three MgO samples. 
 
MgO Batch 
SSA 
/m2·g-1 
D(4,3) 
/µm 
D10 
/µm 
D50 
/µm 
D90 
/µm 
60 Mesh, New 1.49 56.8±3.7 5.2±1.2 39.0±2.3 133.9±8.2 
60 Mesh, Old 1.45 69.3±5.7 3.4±0.13 44.9±2.6 171.0±15.1 
200 Mesh, Old 2.32 26.9±0.6 2.4±1.16 20.0±0.3 61.8±1.6 
Figure 5.  Particle size distributions for three magnesia samples measured using 
laser diffraction; including 60 Mesh and 200 Mesh size categories. 
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4.1.1.2  Fly Ash Specification & Characterisation 
The PFA used was produced from coal combustion at Drax power station and meets the 
criteria outlined in BS EN 450-S.  This ash is comprised mostly of aluminosilicate glass 
spheres, and based on manufacturer data for the year 2013-2014 consists of 48-51 wt.% 
SiO2, 22-24 wt.% Al2O3 and 8-10 wt.% Fe2O3 with small amounts of C, CaO, MgO, K2O and 
Na2O impurities and a loss on ignition (LOI) of 3-6 % [69].  Fly ash is a potential pozzolan 
and can therefore participate in binder forming reactions in cementitious materials.  As the 
major pozzolanic constituent of PFA is amorphous silica [70], the amount contained within 
the PFA used in this work is potentially pertinent to experimental outcomes.   
The amount of amorphous silica in PFA can be predicted from the chemical composition 
due to a strong correlation between the molar K2O/Al2O3 ratio and the amorphous 
aluminosilicate content of the PFA.  This is based in the chemical compositions of two coal 
impurities, illite and kaolinite, from which this phase originates during burning.  The molar 
K2O/Al2O3·10 was calculated from multiple compositional measurements performed by 
CEMEX on the PFA source used in this project.  Comparison of average and max/min 
K2O/Al2O3·10 values with a linear regression analysis taken from the literature [70] has 
allowed prediction of the amorphous aluminosilicate content.  A graphical representation of 
this comparison is shown in Figure 6.  The literature data shows clearly the correlation 
between K2O/Al2O3·10 and amorphous aluminosilicate content in PFAs produced from 
sources across the UK.  This statistical assessment has shown that, assuming the 
compositional measurements by CEMEX were representative, we can expect the PFA used 
to contain 61-81 wt.% of amorphous aluminosilicate with 95 % confidence.   
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4.1.2  Base-Line Data Generation for Component MKPC Phases 
Comparison data to facilitate MKPC characterisation was generated by assessment of 
the starting materials and pure MgKPO4.6H2O.  In addition to the discussed LD and N2-BET 
techniques for DBM analysis, this involved application of identical techniques as used for 
MKPC sample analysis: XRD, DTA/TG, He-pycnometry and electron microscopy techniques 
(SEI/BSI/EDX).  These techniques will be outlined in Chapter 4.5.3. 
For the synthesis of pure MgKPO4.6H2O a method from literature was followed [58].  
This involved the production of a solution from potassium phosphate and magnesium nitrate, 
and the neutralization of this solution with KOH to result in salt precipitation.  The precipitate 
was filtered, washed, dried under vacuum and stored in a dry environment.   
20
30
40
50
60
70
80
90
100
0.00 0.50 1.00 1.50
A
m
o
rp
h
o
u
s 
A
lu
m
in
o
-S
ili
ca
te
 /
 W
ei
gh
t 
%
Molar K2O/Al2O3·10
Figure 6.  Linear regression analysis of data points taken from literature [70] on 
correlation between molar K2O/Al2O3·10 and amorphous aluminosilicate content in PFAs 
produced across the UK.  Vertical red lines indicate the K2O/Al2O3·10 of the source used 
in this project [69], with the average and max/min values shown by solid and dashed 
lines, respectively.  Similar horizontal red lines show the bounds of the 95 % confidence 
intervals for amorphous aluminosilicate content of this PFA source, calculated from 
statistical comparison with the data.  Solid horizontal lines correspond to bounds from the 
average x-value and dashed lines the outer bounds from assessment of max/min 
x-values.   
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4.2  Cement Composition Formulations & Parameters 
A cement formulation is a single set of compositional variable values defining the relative 
amounts of starting materials combined to produce the cement.  The cement formulations on 
which the work has focussed were influenced by the results of early work [6, 12] but 
subsequently evolved.  The initial formulation selection and the subsequent choices of 
formulations for later work, including the uranium corrosion trials, form an important part of 
the narrative and chronology of this early work.  As such, the formulations tested and the 
justifications for their choice are included in the following chapter of this thesis, Chapter 5, 
along with the details of this early work.  Below are general details relating to the 
formulations used for MKPC, including the starting materials and choices of composition 
variables.  Two current UK encapsulant formulations, 3:1 BFS/PC (W/S = 0.35) and 3:1 
PFA/PC (W/S = 0.42) were also fabricated as controls in the investigation of MKPC 
processing properties. 
Within the literature, the use of varied and inexplicit compositional definitions can make 
analysis and understanding difficult.  In this work the parameters for describing mix 
composition were chosen in order to facilitate trend observation in the formulation-property 
investigation.  In some cases these differ from those customarily used.  For clarity, the 
definitions used in this work and the reasons for their choosing are explained.  The five 
MKPC reactant components excluding PFA will often be referred to by the abbreviations: W 
(H2O), M (MgO), P (KH2PO4) and B (B(OH)3). 
The magnesia content is described using a molar M/P ratio, to allow easy comparison of 
formulation and reaction stoichiometry.  Mix water content is described with a water to 
cement ratio, W/C, where only the M and P powders are considered cement.  This decision 
is based on the assumption that the amount of water needed for full reaction should be 
relative to the amounts of these components.  Retarder, B, content is described as a wt.% of 
M content as the degree of retardation has been shown to depend on the relative contents of 
these components [54] (C.f. Chapter 2.4.3).  Finally, the PFA is generally considered filler 
and the amount used is expressed as a wt.% of the total reactive mix components 
(M + P + W).  Additional parameters occasionally used include molar M:P:W ratios as well as 
the water to total solids ratio (W/S) of starting materials. 
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4.3  Cement Mix Fabrication  
The cement mixes were fabricated by  addition of the powdered starting materials to the 
mix water in the order of boric acid, PFA, MgO and finally the phosphate over a period of five 
minutes while mixing the slurry at low speed (47 rpm) using a planetary mixer.  The low 
speed mixing was continued for 10 minutes, at which time the mixing speed was increased 
to a high speed (88 rpm) for 10 minutes.  A second slow mixing stage was then initiated, the 
onset of which was arbitrarily defined as the reference time, t = 0 (or t0), against which all the 
cement ages are measured.  This stage lasted for 150 min, after which the slurry was finally 
poured.  This mixing regime is illustrated by Figure 7. 
 
This fabrication routine used was developed with reference to relevant literature [6] and 
designed, within experimental limitations, to be consistent with current UK ILW cementation 
plant processes.  These considerations include the mixing speeds and long mixing time of 
2.5 h employed.  The latter was to ensure that the mix would remain fluid enough for realistic 
timings of the waste encapsulation plant and infilling of the waste void volume by the 
encapsulant.  Alternative powder addition methods of (i) adding a single pre-mixed powder 
batch and (ii) adding the phosphate to the mix water first, were tried without significant 
impact on the end product.  Additionally, the solubility of the phosphate and boric acid 
starting materials was found to be too low to use aqueous solutions of these starting 
materials.  The addition order used is logical as it allows the early interaction of the boric 
acid retarder and MgO, however, further investigation could be required for method 
optimisation.  In the exceptional experiments where the fabrication method differed from that 
just described, the differences have been explicitly stated in the relevant analysis chapter. 
Discrepancies with respect to mixing speeds used in the relevant literature [6] and 
industry exist due to the use of different mixers, in particular a normal lab-scale mixer 
instead of the high-shear mixers in industry.  This was addressed for processing property 
determination by also measuring control data using well characterised BFS/PC and PFA/PC 
formulations to facilitate the comparative analysis of results.  Where possible, comparison of 
Low 
Speed
10 
min
Low Speed150 minHigh 
Speed
10 
min
t = -10 min t = -20 min 
 
t = 0 
min 
t = 150 min 
Figure 7.  Illustrating the cement mixing regime with timings described in relation to the arbitrarily defined 
reference time, t = 0. 
 
53 
 
the measured MKPC results with the literature values for MKPC, BFS/PC and PFA/PC 
formulations serve as general comparison points for project results.  
 
4.4  Processing Property Measurement 
The assessment of MKPC processing properties was carried out to ensure that the 
materials met with the UK ILW encapsulant and cement processing plant processing 
requirements.  These properties include the quantity of bleed liquor produced, the fluidity, 
setting time and heat produced on setting of the cement formulations.  Results and analysis 
of this testing and their influence on experimental choices are outlined in the next chapter, 
Chapter 5.  The volume of bleed liquor at 24 hours after t0 was measured from 50 ml 
samples poured into disposable measuring cylinders at t = 150 min.  The methodologies for 
the other techniques used for these measurements are outlined below. 
Several of the tests used in this project have standardised industry methodologies 
created to ensure consistent and comparable results for hydraulic cements, specifically the 
ubiquitous PC.  Because the cement industry standards are generally aimed at PC based 
materials and not alternatives with differing properties such as MKPC, many aspects of 
these standards are inapplicable or impractical for application to the MKPC formulations 
tested in this project.  Where the general methods outlined in these standards have been 
followed efforts have been made to describe deviations. 
 
4.4.1  Flow Table Fluidity Measurements 
Flow table (Colflow) fluidity measurements were undertaken according to 
BS EN 13395-2:2002 [71] and using the Colflow apparatus, shown in Figure 8.  This 
involved first wetting the apparatus channel and leaving it to stand on end to drain for one 
minute.  The apparatus was then placed on a surface which was shown to be flat along two 
perpendicular horizontal axes.  Next, 946 ml (1 Quart) of slurry was measured and added 
into the tundish.  Finally, the plug was pulled out of the tundish and once the flow of the 
slurry had halted, the distance travelled by the slurry along the channel was recorded. 
Initially measurements were taken at 30 minute intervals up to 150 minutes after the t0 
reference time.  It should be noted that this technique was designed for lower fluidity PC-
based grouts and as a result the maximum measurable flow distance (720 mm) was often 
exceeded in this work.  Due to the high fluidities exhibited by the early MKPC formulations, a 
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reduced testing scheme of two measurements at t0 and t0 + 150 minutes was deemed 
suitable for checking sufficient fluidity in the later formulations. 
 
 
4.4.2  Setting Time Measurement 
For early MKPC formulations set was approximately evaluated by touch.  Later work 
included accurate setting times determined using a Vicatronic automatic vicat machine and 
based on BS EN 196-3 and ASTM C191 Method B with modifications [72, 73].  The method 
and the modifications are summarised. 
Cement slurries were produced and mixed as described (C.f. Chapter 4.3), and set was 
measured on slurries poured at t0, after the initial 20 minutes of mixing, and after the full 
mixing regime of 170 min mixing.  The set time was measured relative to the point all mix 
components had been incorporated into the slurry, determined as 2.5 min after initiating 
mixing.  The cement slurry was poured into a conical ring mould with dimensions of 40 mm ± 
1 mm in height, inside bottom diameter of 70 ± 3 mm and inside top diameter of 60 ± 3 mm.   
Figure 8.  Showing the Colflow apparatus from the top (top) and side (bottom). 
 
Closed End 
Open End 
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The sample was placed on the testing mount with the top surface of the cement exposed 
to the testing needle.  The moisture level of the testing environment was raised by sealing it 
with water soaked cloth surrounding the mould in order to prevent drying of the cement.  The 
automatic vicat machine measured cement setting by iteratively dropping a vicat needle into 
the cement and measuring the penetration distance.  As the cement set the penetration 
distance decreased.  The penetrations were made > 5 mm away from any previous 
penetration and > 10 mm away from the inner side of the mould. 
The vicat needle is a 1.0 ± 0.05 mm diameter steel pin attached to the bottom of a 
weighted rod, where the pin + rod assembly weighs 300 ± 0.5g.  An interval of 10 minutes 
was used between each drop.  This was deemed a short enough period to allow 
determination of accurate setting times whilst preventing multiple testing of same area of the 
sample.  The guided drop method was used for the pin drop: the pin falls under gravity but 
guided by the machine. 
The modifications made to the ASTM C191 method B [72] include the use of water 
contents defined by the cement formulation rather than that required for “normal 
consistency” (a definition prescribed by ASTM C187 [74] and primarily used with PC 
cement).  Additionally, the method of final set determination as well as numerous practical 
aspects of fabrication relying on low cement fluidity not exhibited by MKPC, such as cement 
handling, were altered.   
A key deviation was the occasional non-conformity of sample heights with the 40 ±1 mm 
prescribed by the standard.  Because of the extremely high fluidity of MKPC, a flat and even 
sample surface is difficult to achieve and, unlike PC based formulations, is not achieved by 
scraping the top of the mould with a pallet knife.  A liquid meniscus causes curvature of the 
surface which is exaggerated at any point of contact.  The result was variation in height 
across the area of a given sample surface, c.a. ± 0.8 mm, as well as average sample heights 
of c.a. 38 ± 2 mm.  As the key penetration depths for set measurements are 25 mm and 
0 mm, for initial and final set respectively, the slightly reduced average sample heights are 
not considered to have affected the results.  Average sample heights were used to convert 
needle height measurements into penetration measurements, so there is likely to have been 
variation in the measured setting times due to the uncertainty of the sample height at the 
penetration point. 
ASTM C191 method B defines the final setting time as the point when the vicat “needle 
does not sink visibly into the cement” [72].  In this project setting tests were not observed in 
their entirety due to their long durations, hence visible assessments of the needle 
penetration were not obtained.  As a result it was necessary to approximate test final setting 
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times from the raw needle height measurements.  One can understand these measurements 
as occurring in three stages.  The first, a stage of no cement resistance, is characterised by 
needle height readings of zero, the second, a stage of increasing cement resistance is 
characterised by increasing needle height readings, and the third and final stage, a stage of 
total cement penetration resistance is characterised by needle height readings reflecting the 
height of the cement sample surface.  The time of final set as defined by ASTM C191 
Method B [72] is the time of the initial measurement of the third and final stage.  However, 
difficulties exist in identifying this time point due to the previously mentioned variation in 
sample height. 
Sample height values were required for calculation of needle penetrations as well as 
final set determinations.  Accurate average sample heights and a measure of the height 
variation in each sample were calculated from vicat readings towards the end of each test.  
Based on visual inspection of the samples and the degree of noise in the data at the end of 
each test, a conservative estimate of 1.25 mm for the difference between maximum and 
minimum heights of each sample was made.  For a given test, the first measurement with a 
value more than or equal to the maximum height less 1.25 mm is used as a marker.  This 
reading is confidently assumed to be after the point of final set.  The minimum value in the 
data including and after this marker was assumed to reflect the true minimum sample height, 
and used as the threshold value, where the time associated with the first measurement 
equal to or more than this threshold was determined to be the final setting time.  Vicat height 
measurements including and after this threshold point were then used to calculate the 
sample height average and standard deviation.  This method was designed so that the final 
set threshold for each test takes into account degree of variation in the individual sample’s 
height.  It is accepted that this means the final set values determined are approximate to 
some degree, with the uncertainty proportional to magnitude of the difference between the 
sample height maximum and minimum. 
The initial setting time to the nearest millimetre was calculated according to ASTM C191 
with the following equation: 
 
 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑆𝑒𝑡 = (
𝐻 − 𝐸
𝐶 − 𝐷
 × (𝐶 − 25)) + 𝐸 
(24) 
Where E is the time in minutes of the last penetration greater than 25 mm, H is the time in minutes of 
the first penetration less than 25 mm, C is the penetration at reading time E and D is the penetration 
reading at time H [72]. 
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4.4.3  Cement Temperature Profiling 
The heating and cooling which chemical reactions effect in MKPC during setting were 
followed in experiments utilising thermocouples to measure and record cement temperature 
profiles.  Litre slurry samples of the three selected corrosion formulations were poured into a 
2 litre PTFE (Polytetrafluoroethylene) bottles to create cement monoliths with approximate 
dimensions of 95 mm diameter by 110 mm height.  After pouring the slurry into the bottle 
each sample had a single plastic-coated K-type thermocouple attached to a plastic-coated 
metal rod and suspended through a hole in the bottle lid into the centre and middle of the 
slurry mix.  The container lid was then sealed to prevent the entry or escape of moisture and 
a logging thermocouple reader was used to record the thermocouple temperature data.  
Once sealed samples were transferred to a curing room maintained at 25.4 ± 2.8 °C. 
The logger was capable of recording readings from two thermocouples at once.  Initially 
experiments were carried out involving simultaneously recording the temperature of 
duplicate samples.  For each experiment of this type the two duplicate readings showed 
excellent agreement, with average and maximum differences of ± 0.27 °C and ± 1 °C, 
respectively.  Once the reproducibility of the experiment had been proven in this way, it was 
decided that for subsequent experiments the temperature of a single sample would be 
recorded along with measurements of the background temperature.  This allowed the 
analysis of the differential temperature signal in which the chemical effects are more clearly 
discernible. 
In addition to this technique, measurement of the heat of hydration for a single MKPC 
encapsulant formulation (7.4) was achieved using isothermal calorimetry at 35 °C.  This was 
performed by a sponsor of the work, NNL, in parallel development work based on many of 
the findings discussed in this report.  The technique worked by measuring the energy 
required to maintain the sample environment at a constant temperature, from which and 
utilising the known sample mass the heat flow per unit mass of the sample was calculated.  
Slurries were mixed according to the first 20 minutes of the regime described in Chapter 4.3, 
but using a Hobart mixer. 
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4.5  Cement Fabrication, Curing and Testing with Age 
4.5.1  Sample Fabrication 
Cement samples for testing with age were produced by pouring slurry into moulds after 
mixing using the regime described in Chapter 4.3.  The moulds used depended on the 
intended testing regime, but generally three gang prism moulds were used to produce 
prisms with approximate dimensions of 40×40×160 mm.  It was found that MKPC had an 
exceptional ability to bond to the steel mould surfaces, making de-moulding exceedingly 
difficult.  The release agent found to alleviate this problem most effectively was a thick 
lithium based grease (Carlube LM2), approximately 1 mm of which was applied to the mould 
surfaces with paint brushes. 
After pouring the viscous cement slurry into the mould a plastic rod was used to stir the 
cement within the mould.  This was in order to produce a flatter slurry surface instead of the 
curved surface produced in high surface tension liquids, and to remove entrained air.  
Finally, a sheet of acetate was placed over the open face of each mould, the edges of which 
were sealed with grease.  This prevented the addition or loss of water from the cement 
during setting.  These prisms were de-moulded after 24 hours, sealed and moved to an 
appropriate curing environment, as described in the next section.  Before this point the 
curing environment was ambient, as was the case for all fabricated samples unless explicitly 
stated otherwise.  These prisms were eventually used for a variety of tests including: 
compressive strength, powder x-ray diffraction, differential thermal analysis and 
thermogravimetry, electron microscopy and surface element analysis, extractable pH testing, 
young’s modulus measurement and hydrogen pycnometry. 
Dimensional stability testing of MKPC required samples with a higher length-to-width 
ratio and round-ended steel pins set into each end of the samples to facilitate accurate 
length measurement.  This was achieved using a two gang 25×25×320 mm steel mould.  
Custom made acrylic stops were produced with approximate dimensions of 25×25×5 mm.  
Each acrylic stop had a threaded hole drilled into its centre, into which the rounded-end of 
approximately 15 mm steel pins were screwed to leave a length of pin protruding from each 
stop.  These acrylic-pin sections were inserted to be flush with each end of the mould with 
the pin extensions facing inwards.  The moulds were greased and sealed with acetate 
sheets, as for the compressive strength samples above.  When de-moulding the prisms after 
24 hours, the acrylic stops were unscrewed from the prism ends to leave the rounded steel 
pin-ends protruding from the end of each approximately 25×25×298 mm sample (C.f. Figure 
9). 
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Small samples were produced for methods with samples size restrictions, such as 
mercury porosimetry.  These samples were created by cutting the tops off pipette tips, 
sealing the end with Parafilm® and sitting the resultant cones upright in the pipette tip 
holder.  Disposable pipettes were used to inject the cement mixture into these cones which 
were then sealed at the top face with Parafilm®.  The samples were kept within their casings 
to cure.  At the testing age samples were removed by grinding or cutting away two sides of 
the plastic case and pulling it away from the samples.  The samples created were cones with 
typical dimensions of 18 mm length and end diameters of 5 mm and 3 mm.  It was intended 
that these samples should be kept intact but cracking and scoring of samples during removal 
often occurred. 
 
4.5.2  Cement Sealing and Curing 
Measures were taken to seal all of the MKPC samples against their surrounding 
environment in order to recreate as accurately as possible the conditions of the waste 
encapsulation.  For the small cone samples produced no further sealing was required before 
curing.  For the cement prisms a multi-barrier approach was used, the first measure of which 
was to wrap with overlapping strips of PARAFILM® until 5 or 6 layers thick.  The number of 
Figure 9.  Showing the three major sample types fabricated for testing on the top left, top right and 
bottom left.  Approximate sample dimensions are also shown.  The bottom right image is a close-up 
showing the steel pin embedded end of the bottom left prisms used for dimensional stability testing. 
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additional barriers used depended on both the type of sample and the curing scheme used, 
with more used for elevated temperature curing schemes. 
For the low temperature curing of the 40×40×160 prisms used, for compressive strength 
and other tests, the only additional barriers used were sealable bags.  These samples were 
transferred at 24 hours to a curing room controlled at 25.4 °C ± 2.8 °C.  Some of the early 
work on pre-corrosion trial formulations involved elevated temperature testing of prisms 
which were cured at 47 °C and 72 °C both at ± 2 °C from the time immediately after the 
slurry was poured.  The aim of this elevated curing temperature testing was to investigate 
whether the chemical reactions could be accelerated without altering the reaction products 
and morphology formed, thereby facilitating the choice of corrosion trial curing temperature. 
For this elevated temperature curing two ovens were used, within which the full moulds 
themselves were placed in the curing environment and removed for de-moulding.  After this 
the sealed samples were returned to the same environment.  The additional barriers used for 
these environments were: placement within sealed bags, followed by placement within 
sealed plastic boxes.  These barriers seemed to work well, as indicated by intact inner 
wrapping and density measurements, for all samples except some of the older 72 °C 
samples: those samples may have dried slightly and the possible impacts of this are 
discussed in the relevant analysis section, Chapter 7. 
Later work involved the curing and testing of selected encapsulation formulations.  This 
was intended to allow the measurement of baseline properties for the MKPC/Uranium metal 
corrosion trials.  One curing scheme used involved curing said formulations, at 
25.4 °C ± 2.8 °C, as above.  Elevated temperature schemes which mirrored that of the trials 
themselves were also used, with the samples de-moulded at 24 hours, left at ambient until 3 
days of age and then moved to one of the three selected temperatures: 30 °C, 40 °C and 
50 °C, all ± 2 °C.  As well as being wrapped as with previous prisms, these prisms were 
coated in several layers of latex polymer before, once dry, being sealed in bags and left at 
temperature. 
A final elevated temperature curing schemes included using three temperatures for 
examining the effects of dehydration treatments on the selected corrosion formulation 
samples at 50 °C, 80 °C and 110 °C all ± 2 °C.  This was to assess the possibility of 
reducing the amount of water available for corrosion of reactive metals.  For these 
experiments the prisms were cured up to 28 days of age, as for the low temperature 
40×40×160 mm prisms described above.  At 28 days they were removed from their 
wrappings and placed in ovens at the relevant temperature on grates or glass slides.  Prisms 
undergoing 80 °C or 110 °C treatments were removed after 34 days, at the age of 62 days 
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and long after reaching constant mass.  The 50 °C prisms were treated for a longer period of 
time to see if constant mass could be reached.  They were removed after 62 day heat 
treatment, at 90 days of age still and not at constant mass, in order to coincide with the 
standard 90 day cement testing point.  Once removed from the ovens the prisms were re-
wrapped and bagged and placed in sealed plastic boxes containing drying agent at ambient 
temperature until the time of testing.  For the results and analysis relevant to this 
temperature treatment scheme see Chapter 7. 
 
4.5.3  Cement Testing with Age 
One of the key investigative tools used to characterise MKPC was the investigation of 
the change of the cements’ properties on ageing.  Cementitious chemical reactions can 
continue to some extent for decades after the initial setting, making long term 
characterisation of the physical and chemical properties desirable.  In this experiment we 
have aimed to use traditional cement testing ages, as described subsequently.  The ages 
described in this chapter are to some extent guidelines, as due to the concurrence of lab 
work some tests were performed a little early or late.  All tests were performed within ± 5 % 
of the ages quoted in the results sections, and efforts have been made to quote and plot 
them as accurately as possible. 
Because of time pressures involved in completing concurrent sets of experiments, a 
method of quenching the cement by solvent replacement to stop ongoing chemical reaction 
was utilised.  This method was utilised for powdered samples and small pieces of intact 
cement, allowing the tests such as XRD, DTA and microscopic examination to be carried out 
days after the testing point.  The technique involved submersing the material in AnalR 
acetone for seven days followed by leaving the sample to dry under vacuum conditions of 
1×10-2 atm for a further 3 days, and finally storing in a dry environment at reduced pressure.  
This technique has been found to be effective for quenching Portland cement [75], and its 
effectiveness for MKPC is assessed in this work in a manner discussed in the subsequent 
section.  The analysis of the effectiveness of quenching by solvent replacements is 
discussed Chapter 6.3.2.  Unless stated otherwise, all x-ray diffraction, differential thermal 
analysis and electron microscopy techniques were performed on samples quenched in this 
way. 
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4.5.3.1  Testing Schemes Enabling Encapsulant Formulation Selection 
The early work in this project was based on testing various properties of a large number 
of formulations in order to select three formulations for further work and Uranium metal 
corrosion trials.  The testing of these early cement formulation’s properties with age were 
limited to four testing ages, because of the large number of formulations involved and the 
associated time pressures.  The formulations themselves are outlined along with their results 
in Chapter 5.2.  The testing ages and techniques used at each age are outlined in this 
section, with a more detailed description of each technique to follow. 
For the testing of formulations in development of corrosion trial cements the testing 
points used for compressive strength testing were 1, 7, 28 and 180 days of age.  Powder 
x-ray diffraction was carried out at 7, 28 and 180 days, scanning electron microscopy of 
cement fracture surfaces at 7 and 28 days, and differential thermal analysis of the most 
promising formulation at 180 days.  Additionally, by comparison of quenched an unquenched 
powder x-ray diffraction data the effects of quenching by solvent replacement on MKPC 
crystalline phase composition were examined.  The apparent densities of the cements were 
also tracked at each of the compressive strength testing ages.  This data was expected to be 
sufficient for an initial characterisation of MKPC and, along with data on processing 
properties, to allow selection of three formulations suitable for uranium metal corrosion trials. 
In order to assess the effects of elevated temperature on MKPC curing, the following 
testing scheme was followed for samples of the most promising formulation at 47 °C and 
72 °C.  Compressive strengths were measured at 1, 7 and 28 days with an additional 
180 day measurement at 47 °C.  The density of samples was tracked at each compressive 
strength testing point, as before.  At the 7 and 28 day testing points, powder x-ray diffraction 
and fracture surface examination was also performed by SEM.  The collected data 
compared to that gathered at 25.4 °C ± 2.8 °C allowed assessment of property changes. 
 
4.5.3.2  Testing Schemes for Selected Encapsulants 
After selection of the three formulations thought most suitable for the uranium metal 
corrosion trials, these formulations were characterised extensively with age.  This was 
performed under the low temperature conditions, 25.4 °C ± 2.8 °C, as well as the three 
selected corrosion trial temperatures, 30 °C, 40 °C and 50 °C, all ± 2 °C.  The low 
temperature characterisation involved compressive strength, extractable pH, powder x-ray 
diffraction and differential thermal analysis measurements at 1, 3, 7, 28, 180 & 360 days of 
age.  At all of these ages except 3 days electron microscopy techniques, including 
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secondary electron imaging (SEI), back scattered electron imaging (BSI) and elemental 
surface mapping using energy dispersive x-ray analysis (EDX), were utilised to 
characterised morphology from the polished surfaces of the cements. 
Both the density and porosity of the cement cured at low temperature were investigated 
with age by comparison of the measured apparent prism density and true density of the 
dried powder.  The former were taken just prior to compressive strength measurement using 
scales and calipers, and took no account of cement porosity, whereas the true density was 
measured using helium pycnometry on quenched and powdered cement samples.  These 
measurements were carried out on the low temperature samples at all of the testing ages 
mentioned for each encapsulant formulation.  In addition to this, the mass loss data (from the 
DTA-TG), due to the crystal dehydration reaction, was used to determine the extent of 
reaction and thereby indirectly determine the true density and porosity of the material.  
Finally, the elastic modulus of the low temperature cured spare prisms from each selected 
formulation, with ages between 229 and 679 days, were tested using non-destructive 
impulse excitation technique.  This provides an indication of ultimate values for the 
formulations, given the curing conditions. 
A similar but reduced testing scheme was performed on the cements at the three 
elevated temperatures, 30 °C, 40 °C and 50 °C, with compressive strength, extractable pH, 
and relative density measurements at 7, 28, 90, 180 & 360 days, x-ray diffraction at 7 and 
360 days, differential thermal analysis at 7, 30 and 360 days, and SEI/BSI/EDX at 360 days.  
It should be noted that, because of a malfunctioning oven, the 50 °C samples could not be 
tested at 360 days and instead were tested at the oldest possible age.  This was 180 days 
for two of the three formulations (7.4 & 7.5) and 90 days for the final formulation (7.6).  
Helium pycnometry was performed for true density calculation at 7 days and at the latest 
testing age (360/180/90 days depending on the temperature and formulation, as just 
explained). 
In the assessment of the effects of dehydration on the MKPC encapsulant formulations, 
a testing scheme was carried out on samples after dehydration at one of three temperatures 
(50 °C, 80 °C or 110 °C).  The testing points were 62, 90, 180 & 360 days, where the 50 °C 
samples were tested from the second of these ages onwards due to the longer length of 
oven the oven treatments.  Compressive strength, extractable pH, relative density, x-ray 
diffraction and differential thermal analysis tests were each performed at all of these ages.  
Electron microscopy techniques (SEI/BSI/EDX) were used to investigate the morphology of 
the polished cement surfaces at 90 days.  Additional x-ray diffraction and differential thermal 
analysis techniques were performed on unquenched and rehydrated cement samples at 90 
days of age, where the rehydrated samples were the dehydrated cement powders which 
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were combined with deionised water, mixed for 24 hours and dried.  This allowed the 
assessment of solvent reaction with the dehydrated form of the cement.  Hydrogen 
pycnometry was performed on the quenched powdered cements at 90 days for density & 
porosity calculation.  Finally, as for the low temperature cured testing scheme of the 
encapsulant formulations, the elastic modulus of spare prisms with ages between 635 and 
685 days was tested using the non-destructive impulse excitation technique. 
 
4.5.3.3  Compressive Strength Measurement 
Each set of compressive strength measurements was performed on a single 
40 × 40 × 160 mm prism.  The tests were carried out on a Zwick 1474 100kN universal 
testing instrument using a position controlled loading rate of 10 mm/min. The early work for 
encapsulant formulation development used 40 mm cubes cut from these prisms, allowing a 
maximum of 4 repeats as long as the sample preparation procedure was performed 
successfully.  The later testing of selected encapsulation formulations required smaller, 
20 mm cube, samples in order not to reach the 80 kN safety threshold of the testing rig.  This 
was due to the higher strengths of the selected formulations.  This also allowed many more 
repeats to be performed from each prism, with 12 generally used.  The only exception to this 
sample size for the encapsulant formulations was the use of the original 40 mm cube sample 
size for the cements treated at the two highest dehydration temperatures, 80 °C and 110 °C.  
This choice was taken due to the occasional central longitudinal cracks in these samples, 
meaning entire prism cross sections were expected to give more representative strength 
values. 
In order to produce the cubic samples for compressive strength testing the prisms were 
cut using a mechanical circular saw and the surfaces were ground until plane parallel to a 
smoothness of 1200 grit.  In order to ensure that the angle between the two testing faces 
was as close to 0 ° as possible a spirit level was used.  Both sawing and grinding techniques 
utilised water for cooling and removal of debris.  It was assumed to be unlikely that this water 
would penetrate the sample deeply enough to affect morphology or composition in the short 
exposure time.  For the dehydrated samples, such effects were considered more pertinent, 
so fluid was not used in sample preparation.  As well as producing the samples for the 
compressive strength testing, very thin slices of cement were cut for examination by 
microscopy techniques. 
The test itself involved placing the two plane parallel faces of a cubic sample between 
two flat and smooth iron plates and seating this setup on the lower of two opposing rig 
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pistons.  The lower piston was raised by operating the rig load cell, until the top piston was 
several millimetres from the top of the upper iron plate, at which point an automated testing 
program was initiated.  In this work a pre-load of 5 N was used, followed by a position 
controlled testing rate of 10 mm·min-1 and stop conditions of a 40 % reduction of force 
relative to the maximum.  Force-displacement curves and maximum force values output 
allowed the calculation of the sample compressive strength by Equation (25), below. 
 
𝜎 =
𝐹
𝐴0
 
(25) 
Where σ is the compressive strength in MPa, F is the force at sample failure in N and A0 is the initial 
area in mm of the cube perpendicular to the direction of force application. 
The material from the crushed samples was used for subsequent tests, including x-ray 
diffraction, differential thermal analysis, extractable pH measurement and electron 
microscopy of cement fracture surfaces.  Small fragments of cement, with lengths < 8 mm, 
were collected and quenched whole (C.f. Chapter 4.4.3) along with the cement slices cut 
during the compressive strength sample preparation.  Material for the other tests comprised 
aliquots of powder produced by grinding cement fragments in a pestle and mortar until 
smooth when rubbed between the finger tips.  The powder for x-ray diffraction and 
differential thermal analysis techniques was quenched and stored under vacuum, whereas 
extractable pH tests were carried out immediately using unquenched powder. 
 
4.5.3.4  Extractable pH Testing 
Each extractable pH measurement was carried out by mixing the cement power 
produced from samples, after their compressive strength testing, with deionised water in 
three ratios: 1:1, 50:1 & 200:1.  Duplicates of each ratio were produced from the powder in 
order to reduce variation due to sample heterogeneity.  The six mixtures were mixed over-
night in a Turbula® mixer and samples of the filtrate were collected from each using syringe 
filters with exclusion diameters of no more than .4 µm.  An Orion Star™ A111 pH meter with 
a triode electrode was used for the pH measurements.  The instrument was calibrated 
before use as well as every c.a. 50 measurements, with the accuracy no worse than ± 0.1 
according to the calibrations. 
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4.5.3.5  X-ray Diffraction 
In performance of the powder x-ray diffraction a general methodology was followed.  
This involved the testing of quenched MKPC powder samples with a diffractometer 
containing a PW3373/00 Cu LFF PK185315 X-ray tube and PW3050/60 goniometer.  Initial 
parameters used were 5 < 2θ > 75°, step size = 0.0340° and time/step = 75 s, with later 
work on the encapsulant formulations generally using a range of 5° < 2θ > 100, step 
size = 0.0016° and time/step = 40 s.  No quantitative particle size control, such as sieving, 
was used, due to the potential for particle selection on the basis of hardness.  Instead 
grinding was performed until no granularity was palpable. 
The technique of powder x-ray diffraction is based on the interference of x-rays 
diffracting form atomic planes in the material.  Crystalline materials act as three dimensional 
diffraction gratings for monochromatic x-rays with a wavelength comparable to the inter-
atomic distances.  Bragg’s law (Equation (26), below) defines the condition for the 
constructive interference of such x-rays.  The technique aims a collimated, coherent and 
near-monochromatic beam of x-rays at the flat surface of a powdered sample and scans the 
incident and detector angles together. 
Source and detector are at opposite sides of the sample, with both the angle of 
incidence and detection from the plane of the powder surface the same (θ).  For a random 
orientation of crystallites within the powder, the intensity of x-rays incident at the detector 
with incident/detection angle θ provides information on the spacing of atomic planes within 
the crystallites.  By plotting this incident intensity against 2θ° a pattern of peaks is produced 
that is characteristic of the crystalline materials present within the sample.  This can be 
cross-referenced against the “fingerprint” patters of crystalline substances in order to 
determine the crystalline composition of the material. 
 
Bragg’s Law of Constructive X-ray Interference: 
 𝑛 𝜆 = 2 𝑑 𝑠𝑖𝑛 𝜃 (26) 
Where n is an integer ≥ 1, λ is the wavelength of incident radiation, d is the spacing between the 
planes of atoms from which the x-rays are reflected and θ is the angle between the plane of the 
sample surface and the incident radiation. 
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4.5.3.6  Differential Thermal Analysis and Thermogravimetry 
Differential thermal analysis and thermogravimetry was performed on quenched 
powdered samples using a Netzsch STA449 F1 system, under an Argon flow of 60 ml min-1 
with a heating/cooling rate of 10 °C min-1.  The general program followed included heating 
the furnace between 20 and 1000 °C, a 15 minute isothermal hold at 1000°C and finally a 
cooling stage ending at around 100 °C, although initial tests had a maximum temperature of 
800 °C.  The powder was well mixed before 100 to 200 mg were weighed into an alumina 
crucible, then positioned in the centre of the system furnace along with an empty reference 
crucible. 
The two samples crucibles were seated on top of two thermocouples in the centre of the 
instrument furnace, which also act as balance stages.  Only a thin alumina layer separated 
each thermocouple from the crucible volume/contained sample.  Once a measurement is 
started, after a triple vacuum/Ar(g)-fill cycle, the system follows the set program of furnace 
heating, optional isothermal periods and cooling. 
The two recorded outputs of the measurements were the differential thermal analysis 
(DTA) and the thermogravimetric (TG) signals.  The former is defined as the difference 
between the sample and reference thermocouple outputs scaled to the sample mass, in 
µV/mg, and the latter the mass change in the sample as a percentage.  DTA signals consists 
of positive and negative peaks superimposed upon an often constantly changing 
background signal.  Positive peaks represent exothermic chemical/physical processes 
heating the sample relative to the reference, and negative peaks endothermic processes 
causing cooling of the sample.  The background signal is dependent on the changing 
sample mass and heat capacity, however deconvolution of these dynamic variables for 
analysis is difficult.  By coupling observations of the two output signals this technique aided 
identification of chemical/physical reactions and the material composition. 
 
4.5.3.7  Electron Microscopy Based Techniques 
Fragments of crushed cement from failed compressive strength samples and slices of 
cement cut at the time of compressive strength sample preparation were both examined by 
electron microscopy for microstructure and morphology characterisation.  Sample 
preparation for fracture surface examination simply involved the exposure a fresh fracture 
surface, followed by its mounting onto a stub using carbon tape.  Conductivity at the sample 
surface was ensured by deposition of a 10 nm gold layer and bridging of the metal stub and 
surface using silver paint.  The polished surface samples were prepared by setting the cut 
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cement slices in epoxy resin under reduced pressure to maximise the intrusion of polymer 
into the cement pores.  The set resin was then ground to expose the cement surface which 
was polished to a granularity of 4000 grit.  Gold coating and silver paint again ensured 
conductivity at the surface, rendering the samples ready for the microscope. 
The electron microscopy in this project was carried out using three JEOL manufactured 
microscopes: the JSM-5610LV, JSM-6400 and JSM-6010LA.  The first was used only for 
secondary electron imaging (SEI), whereas the use of second and third also included back 
scattered electron imagery (BSI) and elemental mapping using energy dispersive x-ray 
spectroscopy (EDX).  Any unquenched samples were examined in the JSM-5610LV due its 
ability to use low voltages (0.5-35kV) and tolerate some humidity.  Microscope conditions 
varied slightly depending on the sample and microscope, but generally used were a working 
distance of 15 mm, accelerating voltage of 15 kV and spot size of 60. 
The technique utilises electrons instead of electromagnetic radiation to produce higher 
magnification images, as the wavelength of electrons is shorter than that of visible light.  The 
electron beam is produced by a filament-anode potential difference and accelerated through 
the anode aperture towards the lenses.  The microscope operates at high vacuum, 
preventing a loss of beam collimation by collision of electrons with other molecules.  The 
beam diameter is decreased with a series of electromagnetic lenses and apertures, 
focussing the beam onto the specimen.  Secondary electrons, back scattered electrons or 
Figure 10.  Showing the emission depths of secondary electrons, back-scattered 
electrons and energy dispersive x-rays during SEM. 
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energy dispersive x-rays coming off the sample are detected and used to produce sample 
images or spectra. 
The three complementary imaging techniques used in microstructural characterisation, 
secondary electron imaging (SEI), back-scattered electron imaging (BSI) and energy 
dispersive x-ray spectroscopy (EDX), all originate from different electron interaction depths 
within the material of the sample.  The interaction depth from which each signal originates is 
shown in Figure 10, below.  SEI produces topographical contrast due to features blocking 
and preventing the detection of the low energy electrons.  Alternately, BSI emphasises 
contrast linked to phase composition, as element atomic number is proportional to the 
electron scattering cross-section of atoms.  The final technique, EDX, is based on the 
detection of x-rays with energies characteristic of the elements emitting them, as the atoms 
collide with beam electrons.  This allows elemental mapping of the sample for elements 
which do not have very low atomic numbers. 
 
4.5.3.8  Helium Pycnometry 
In the performance of true density measurements an Ultrapycnometer 1000 from 
Quantachrome was used.  Around 1 g of powdered sample was placed inside the chamber 
of the instrument.  The instrument then used helium gas to measure the volume of the 
contained sample, outputting average values from 20 individual measurements, along with 
standard deviations.  Standard deviation values were typically < 0.005, but always < 0.012, 
for volumes in the range of 0.15-0.65 cm3.  Calibration measurements with an empty 
chamber and with steel spheres of known volume were performed before each sample 
measurement. 
The technique is based on the drop in pressure encountered on increasing the 
containment volume of He gas.  A reference chamber of known volume and containing a 
connection to the sample chamber, also of a known volume, is pressurised with helium.  The 
sample is sealed in the sample chamber and the pressure of the reference chamber is 
measured before and after the chamber connection is opened.  The sample volume is 
determined from the pressure measurements and empty chamber volumes by Equation (27): 
 
𝑉𝑠 =  𝑉𝑐 +  
𝑉𝑅
1 −
𝑃1
𝑃2
 
(27) 
Where VS is the sample volume, VC is the empty sample chamber volume, VR is the empty reference 
chamber volume, P1 is the initial reference chamber pressure and P2 is the open reference and 
sample chamber pressure. 
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4.5.3.9  Mercury Porosimetry Measurement 
Mercury porosimetry was undertaken for certain samples using a PoreMaster 33 from 
Quantachrome.  The technique is based on mercury as a non-wetting fluid of known surface 
tension.  Assuming a spherical pore geometry and utilising the Washburn relationship, the 
mercury filling of porosity having decreasing dimensions with increasing pressure can be 
modelled [76].  Therefore, by measuring the volume of mercury filling a sample versus 
pressure, the sample’s pore size distribution can be approximated.  The technique is 
capable of detecting pore diameters across a range of < 4nm to around 0.4 mm [76]. 
However, as the majority of pores within cement samples are not bisected by the 
sample surface, Hg-porosimetry of cements does not provide accurate pore diameter 
distributions [76, 77].  For Hg-intrusion, the volume associated with filling pores is recorded 
as corresponding to the largest “entrance” diameter of the porosity pathways accessing that 
pore.  Where the “entrance” diameter of a pathway is the narrowest diameter encountered 
along its length.  Similarly, the reveres effect emphasises characteristic pore diameters in 
extrusion of the mercury.  The technique therefore was used to supply characteristic 
“entrance” pore diameters and total accessible volumes, rather than accurate pore diameter 
distributions [76, 77].   
 
4.5.3.10  Impulse Excitation for Elastic Modulus Measurement 
This technique measures a material’s elastic modulus by detecting the mechanical 
resonant frequency using a microphone after excitation of the sample.  The non-destructive 
nature of this technique means that no sample preparation was required.  Cement prisms 
were tested whole using an RFDA Professional testing system.  The test involved supporting 
each prism from beneath by two pieces of wire which crossed the sample at ¼ and ¾ of its 
length, the position of vibrational nodes within a prism.  Mechanical excitation of the prism by 
automated hammer tap and recording of the resultant resonant frequencies enabled the 
calculation of the modulus from the flexural frequency using Equation (28), below: 
 
𝐸 = 0.9465 (
𝑚𝑓𝑓
2
𝑏
) (
𝐿3
𝑡3
) 𝑇 
(28) 
Where E is the Young’s modulus, m is the sample mass, ff is the natural flexural frequency, b is the 
sample width, L is the sample length and t is the sample thickness. 
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4.5.3.11  Dimensional Stability Measurement 
The dimensional stability of the cement prisms, fabricated with protruding steel pins (C.f. 
Chapter 4.5.1), was measured simply using a bench-top steel-mounted micrometer gauge.  
The measurements and prism curing occurred in a temperature controlled room at 22 ± 2 °C.  
The spring loaded caps of the gauge fitted the rounded steel pin heads protruding from the 
prism-ends precisely, ensuring accurate length measurement.  Using this equipment the 
lengths of 6 prisms, a duplicate pair for each of the encapsulant formulations, were 
measured.  The dilatometer was calibrated at the beginning of each measurement by 
zeroing it on a 300 mm, low thermal expansion Invar reference bar.   
The first measurement was made at 24 hours of age for all of the samples, with 
subsequent measurements made as regularly as practicable.  Dimensional changes in the 
prisms were thereafter calculated with respect to the 24 hour measurement and took into 
account the length of the steel pins which were assumed not to contribute to dimensional 
change.  The mass difference for each prism between the first and last measurement points 
was within the measurement uncertainty, less than ± 0.1%.  Prism masses were not 
monitored with every dimensional measurement, as this would have involved exposing the 
prisms to the environment. 
 
4.5.3.12.  Isothermal Calorimetry & Gas Permeability Measurement 
Isothermal calorimetry and N2(g) permeability measurements were undertaken for a 
single MKPC encapsulant formulation (7.4) by one the project sponsors, NNL, in a scheme 
of work parallel to that performed in-house.  The N2(g) permeability measurement was 
performed by COREX (UK) Ltd on behalf of NNL.  The method followed was as per 
API RP 40 (American Petroleum Institute Recommended Practices for Core Analyses) [78].  
Samples for both tests were produced from slurries mixed according to the first 20 minutes 
of the regime described in Chapter 4.3, but using a Hobart mixer.  The gas permeability tests 
occurred after curing of samples for 90 days at 20 °C ± 2 °C.   
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4.6  Corrosion Trial Methodologies 
In order to study corrosion of uranium metal-containing MKPC wasteforms, corrosion 
trials were run for approximately 2 years and selected trials decommissioned after around a 
year for detailed analysis of contents.  This section describes the experimental details 
related to the setup and decommissioning of these trials, as well as the corrosion rate 
calculation from pressure data collected during them. 
 
4.6.1  Corrosion Trial Setup 
This investigation focussed on the determination of the anoxic corrosion rate of MKPC 
encapsulated uranium metal using hydrogen gas production as a metric for anoxic uranium 
corrosion.  The methodology used was thus aimed at reducing any initial oxic corrosion 
period through reducing initial oxygen levels in the trials.  The pressures and temperatures 
within air tight vessels, each containing a U-metal/MKPC wasteform, were recorded over 
time for duplicate sets of 3 different MKPC formulations at 3 elevated temperatures 
(30 ± 2 °C, 40 ± 2 °C and 50 ± 2 °C): 18 trials in all.  This section discusses: the origin and 
pre-treatment of the uranium, the fabrication of the U-metal/MKP wasteforms, the 
construction of the wasteform containing corrosion vessels, the environmental control and 
data logging, trial maintenance work and leak testing, and finally the trial ullage volume 
measurement.  Note that, because difficulties experienced with the stability of some of the 
MKPC formulations (C.f. Chapter 5), there were two different trial initiation dates: one for the 
formulation 7.4 trials and a second for the formulation 7.5 and 7.6 trials. 
 
4.6.1.1  The Uranium Discs & Their Preparation 
The uranium samples used here were disc cross-sections cut from cylindrical magnox 
fuel rods fabricated in the 70’s and obtained by the project sponsor, The NNL (The National 
Nuclear Laboratory).  The cross-sections were taken as part of routine characterisation and 
microstructural analysis.  This involved a pre-treatment of etching by concentrated 
hydrochloric acid for 60 seconds followed with a 4 seconds emersion in concentrated nitric 
acid.  However, the long period between the treatment time and time of this work would have 
ensured re-oxidation of the metal surface prior to the start of work. 
The dimensions of the cut discs were approximately 6 mm thick by 29 mm in diameter.  
The group of discs came from various reactor stations.  Despite this, the recorded alloy 
composition ranges of the metal, shown in Table 6, were moderate, with aluminium varying 
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the most based on differing reactor requirements.  The Uranium isotopic distribution of the 
metal was that of natural uranium: the major isotope being 238U, with 235U content ranging 
from 0.7078 % to 0.7150 % [79]; the minor isotope content was unspecified but the 234U 
concentration is assumed to be in the region of the natural abundance, 0.0054 % of total 
Uranium; and other isotope concentrations negligible. 
Three to five days prior to MKPC encapsulation the discs were first cleaned in citric acid 
and distilled water in an ultrasonicator.  The discs were submerged in 5 % (wt./vol.) citric 
acid solution in an ultrasonicator for 20 minutes, flipping each half-way through.  They were 
then removed and rinsed thoroughly with demineralised water (18 mΩ) before a repeat of 
the same sonication process, but in demineralised water.  Finally the discs were dried 
manually. 
 
4.6.1.2  Wasteform Fabrication 
To fabricate U-metal/MKPC wasteforms disposable plastic moulds were used.  These 
were produced by cutting 1 L polyethylene bottles to produce containers with volumes of 
620 ml ± 20 ml.  The volume of each mould was measured from the difference between the 
container mass when empty and full with water, as defined by the point the meniscus of the 
water was level with the cut top of the container.  The volume of each container was 
calculated as the average of three such measurements (assuming STP conditions).  These 
were later used to calculate the ullage volume of the corrosion chamber. 
Figure 11. One of the uranium pennies, a cut 
cross-section of a magnox reactor fuel rod, 
encapsulated in the corrosion trials. 
 
Min - Max
Aluminium 600 - 1500
Iron 200 - 500
Boron 0.12
Carbon 2000
Cobalt 5
Chromium 110
Copper 20
Fluorine 100
Hydrogen 5
Manganese 25
Nitrogen 150
Nickel 150
Oxygen 500
Silicon 100
Thorium 10
Element Range (ppm)
Table 6.  Concentration of uranium disc 
alloys [79]: 
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The MKPC slurry was prepared in a planetary mixer using the regime described 
previously (C.f. Chapter 4.3), with one exception: slurries were poured at t = 40 minutes, i.e. 
after a total mixing time of 1 h instead of 2 h 50 min.  For each formulation two grout batches 
of approximately 2.5 L were fabricated in order to produce 8 wasteforms, 4 from each batch.  
This allowed for duplicate wasteforms originating from separate batches at each of the three 
trial temperatures plus two spares in case of problems such as complete settling of uranium 
discs.  At t = 40 min the slurry was poured into the moulds, filling them to within millimetres 
from the mould brim.  Once poured the cement was left to reach the appropriate consistency 
for placement of the uranium disc into the cement.   
In order to provide all round encapsulation of the uranium, the cement must be fluid 
enough to allow the disc to be pushed down to just above the centre of the wasteform’s 
mass, but yet firm enough to prevent the uranium from sinking significantly once placed.  
Initial trials using tungsten discs were carried out to assess the time required for optimum 
grout consistency to be reached for each of the three formulations.  For all three formulations 
(2.1, 4 and 7.4) a one hour curing period at ambient conditions was found to be suitable.  
Therefore, at t = 100 min a uranium disc was placed face down onto the surface of each 
cement sample and pushed using a metal spatula into the grout to a depth of 3 to 4 cm.  The 
cement surface was smoothed over, pierced to the top of the uranium disc with a narrow rod 
to remove any trapped air and again smoothed over to finish with a pallet knife. 
The wasteforms were left to cure under ambient conditions for three days before 
de-moulding and placement within the reaction vessels.  During this time the wasteforms 
were checked for the presence of any bleed, without occurrence.  Just prior to de-moulding, 
the distance between the wasteform upper surface and the mould lip was measured using 
calipers.  A hand-held cutting tool was then used to cut the sides of the plastic mould 
allowing its removal from the wasteform, taking care not to cut into the wasteform itself.  
Once de-moulded, multiple measurements of the wasteform’s diameter and height were 
recorded.  The wasteform’s average diameter along with the measured distance between 
the wasteform surface and mould rim were used to calculate the unfilled mould volume 
which was subtracted from the total mould volume to determine the wasteform volume.  
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4.6.1.3  Trial Vessel Construction 
The first section of the trial to be assembled 
consisted of the components from the main 
vessel-body’s top-plate upwards.  This included 
the tubing and connections containing the 
pressure transducer, pressure relief valve, 
thermocouple and two-way ball-valve. Due to 
time constraints and the re-use of assembled 
sections from previously run trials, this was 
mostly performed by colleagues at NNL, but re-
constructions during maintenance work were 
performed by the author.  The connectivity of the 
gas tubing and connected components is shown 
in Figure 12.  This configuration, once complete 
with a sealed main vessel and a closed ball-
valve, creates a closed gas system.  All 
connectors for the steel tubing used were 
Swagelok®, self-locking torque-free connections 
designed for air-tight seals.  All the connections 
in this top section, except the thermocouple to 
gas tubing connection (C.f. Figure 12), were 
tightened to a high degree at this stage.  The 
steel thermocouple tube was threaded down the 
straight neck of the gas tubing, but the 
thermocouple connection was left unscrewed 
until the main vessel construction was complete, 
so that the position of the thermocouple in the 
main vessel could be adjusted with the 
wasteform in place. 
The Swagelok® connectors consist of a 
conical steel ferrule which fits at the end of and 
around the outside of the piece of tubing 
containing the nut.  Tightening the nut forces the 
outside edge of this cone, narrow end first, into 
contact with the inside edge of the pipe the nut is 
being tightened onto.  This produces two effects: 
Figure 12.  Showing an assembled trial vessel and 
connectors. 
Two-Way 
Valve 
Pressure 
Relief Valve 
Thermocouple 
Connector 
Pressure 
Transducer & 
Connector 
Attachment 
Point for Gas 
Access  
Thermocouple to Gas 
Tubing Connector 
Gas Tubing to Vessel 
Body Connection 
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first, a seal between the outside of the ferrule cone and the inside of the connecting pipe, 
and secondly, the narrow end inside edge of the ferrule cone bites into and seal against the 
pipe it surrounds.  The second of these effects is irreversible, but the first is not so 
connections can be unscrewed. 
To further reduce the risk of leaks, PTFE tape was used to improve the seal on 
connections for which the threaded male connector was not tapered and so not necessarily 
self-sealing on tightening, such as the relief valve connector. 
All metal components used were of corrosion resistant steel, grade 316, with the 
exception of several steel gaskets for the main vessel to gas tubing connection and several 
relief valves which were brass.  It became apparent that several main vessel gaskets were 
mild steel and not the grade of steel ordered.  The issues related to the erroneous gasket 
supply are discussed in Chapter 8.2.1.  The pressure transducers used were “Druck PTX-
1400” series by GE Sensing, with ranges above the 900-1400 mBar required, operating 
temperatures of -20 °C to 80 °C, standard/maximum operating errors of 0.15/0.25 % of 
output and a 2 % maximum effect of temperature on the full scale of the transducers output 
within the operation temperature range [80]. 
The thermocouples were Omega supplied 4 wire RTD probes, model series PR-11-3, 
encased in corrosion resistance steel sheaths.  Finally, Seetru pressure relief valves with 
relief pressures falling into the range of 400 - 500 mbar Gauge were used after range pre-
testing.  The valve operational mechanism involves a spring forcing a ball-bearing against an 
aperture, where the force of the spring under compression opposes the pressure of the gas. 
The valves showed a variable ability to re-seat and re-seating was more successful after 
sudden and significant pressure drops.  The failure of valves to reseat is discussed further 
subsequently (C.f. Chapter 8.2.1.1), but much care was taken to avoid blowing these valves. 
The main chamber of the trial vessel consisted of a borosilicate glass tube sandwiched 
between two stainless steel plates.  The steel plates had a larger diameter than the glass 
tube, 140 mm compared to 115 mm, and the tube fitted into ring grooves in both plates with 
a flat rubber ring gasket at each end between steel and glass components.  The gaskets 
were coated with vacuum grease before placement to increase their ability to form air tight 
seals. 
These components were assembled to create the main vessel body as follows and 
illustrated in Figure 12 and Figure 13.  The end plates included five holes equally spaced 
around their circumference, the holes’ centres forming a ring with a diameter of 125 mm, 
outside the perimeter of the glass tube and associated plate groove.  These holes along with 
five threaded steel bolts were used to hold the vessel body together (C.f. Figure 13).  
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Towards the end of each of the five bolts a pair of nuts were tightened against each other, 
fixing them in place and leaving a shorter protruding bolt length, the same for each.  Then, a 
washer was threaded onto the longer protruding end of these bolts, which were in turn 
threaded through the holes in the base plate. This allowed the base-plate to stand 
independently using the shorter protrusions as legs.   
The wasteform for the trial in question was at this point placed and centred on the trial 
base-plate so that the vessel could be constructed around it.  Once done, the gasket, glass 
tube, second gasket and top-plate were slotted into place on the base-plate.  On placing the 
top-plate, the top bolt-ends were threaded through the plate’s circumferential holes, ensuring 
alignment of base- and top-plate holes, and a washer-nut combination was threaded onto 
the top end of each bolt and tightened.  The top nuts were tightened 1-2 turns beyond 
hand-tight, until torsion creaking was heard.  The aim of this construction method was to 
create hermetic seals by pinching the rubber gaskets between steel and glass. 
The final step before leak testing of the vessel was to tighten the swage lock fitting 
connecting the thermocouple tubing to the main gas tubing (C.f. Figure 12), thereby fixing 
Figure 13.  Showing a schematic (left) and photographed example (right) of the main trial vessel 
body.  The wasteform dimensions shown are averages. 
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the position of the thermocouple within the main vessel body.  The tightening was performed 
to set the thermocouple position to around 15 mm above the top of the wasteform.  With this 
done the entire wasteform-vessel assembly, in Figure 12, was connected. 
 
4.6.1.4  Vessel Sealing, Instalment & Connection 
A final tightening and leak testing of all connectors was performed before instalment of 
the trial within the water bath.  For this purpose an N2(g) supply was connected to the open 
gas inlet/outlet valve and connections were checked one by one by spraying with leak 
detection fluid.  If leaks were indicated by bubble formation in the fluid film around a 
connection or the connection was too loose, then the connection was tightened and the 
process repeated.  As well as checking the pipe connections in this way, the seal around the 
glass body was also checked for leaks using the leak detection fluid.   
After establishing confidence in their hermetic seals, the trial vessels were repeatedly 
purged with N2(g) in order to minimise the internal O2(g) partial pressures.  To do this, the 
corrosion vessel gas access valve was connected to a three way valve of which the second 
connections was to a supply of N2(g) regulated to a maximum pressure of 1200 mbar and the 
third was left open to the environment.  The vessel was pressurised by opening the 
corrosion vessel access valve and setting the three way valve to direct N2(g) flow into the 
vessel.  After allowing the vessel to pressurise for 15 to 20 seconds the three way valve was 
opened to vent the vessel to the environment for approximately 1 to 2 seconds.  The vessel 
pressure was not allowed to drop to atmospheric pressure, as this may have allowed the 
ingress of atmospheric O2(g).  This pressurisation-venting cycle was repeated 40 times per 
vessel, with the final cycle leaving the vessel at pressure (c.a. 1100-1200 mBar).  After a 
final leak check with the detection spray the vessels were placed in the appropriate water 
bath and pressure transducer and thermocouple outputs were connected to the data loggers 
(C.f. Figure 14). 
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The water baths themselves were set up as shown above, in Figure 14.  Each bath 
consists of a large steel container capable of holding 10 to 12 trials with the main vessel top 
plates submerged several inches below water level.  The baths also each contained a single 
emersion heater keeping them at one of the selected temperatures, 30 ± 2 °C, 40 ± 2 °C and 
50 ± 2 °C.  Covering the bath surfaces with hollow polyethylene balls minimised the surface 
area of water available for evaporation.  Despite this measure the bath water level needed 
maintaining.  This was achieved using large feeder barrels with taps connected to short 
pieces of rubber tubing.  The barrels were filled and sat so that the ends of the rubber tubes 
were submerged, one per bath, with their taps opened to dripping point.  This allowed water 
to be drawn from the barrels by surface tension when the water level descended to a point 
lower than that of the rubber tubes’ end.  Each trial’s thermocouple and pressure transducer 
were connected to the same one of two data loggers, and in general, at least one 
temperature and pressure sampling point occurred every five hours. 
On the outset of the trials the vessels were left at pressure for three days in order to rule 
out the presence of leaks resulting in significant drops in pressure.  In cases where vessels 
held pressure during this period, careful venting to the environment was used to reduce 
vessel pressures to between 1050 & 1100 mBar and the vessels were left for long-term trial 
Figure 14.  Showing some of the water baths containing heaters for environmental control, water 
containers to maintain the bath levels and corrosion trials connected via grey cabling to the data 
loggers. 
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monitoring.  During this monitoring, vessels were vented when the internal pressure reached 
between approximately 1100 mBar and 1200 mBar, to avoid the possible venting of pressure 
relief valves.  By ensuring that vessels remained pressurised during venting and brief 
venting (about 1 second) the risk of allowing atmospheric gas ingress was minimised. 
Some vessels showed behaviour potentially indicative of leaks, both at this early stage 
of the trials as well as subsequently.  The treatment of such cases involved leak testing of 
the trial under N2(g) pressurisation, followed by any required part replacement and a period of 
regular trial pressure monitoring lasting several days before the trail was venter back to 
normal pressure (just above ambient, c.a. 1080 mbar). 
 
4.6.1.5  Ullage Volume Measurement 
The internal trial volume was calculated as the sum of two parts, firstly, the main vessel 
body up to the internal face of the top plate, and secondly, all the internal tubing and 
connections stemming from the connection to the top plate’s internal face.  The 
measurement of each of these two volumes involved filling said volume with water, weighing 
the quantity of water removed and using the density of water to calculate the volume of 
water contained.  Each volume was calculated as the average of 4 measurements on 4 
different trial vessels.  For the main vessel body this was performed by colleagues at NNL, 
prior to the start of the trials, and for the connected tubing by the author after 
decommissioning of selected trials. 
Because of the magnitude of the measured volumes, any inaccuracy due to amounts of 
water not recovered is thought to be insignificant.  It has been noted that the assumption of 
0 % wasteform porosity in the calculation of the ullage volume will result in a small 
underestimation of the true ullage volume, however this effect is expected to be negligible.  
The overall volume was calculated as the difference of the measured wasteform and ullage 
volumes, as described by Equation (29). 
 𝑉𝑈 = 𝑉𝑉 − 𝑉𝑊 (29) 
Where VU is the ullage volume, or the volume available to gas within the vessel, VV is the vessel 
volume and VW the wasteform volume. 
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4.6.2  Trial Decommissioning & Analysis 
The methodology used for the decommissioning and analysis of selected corrosion trials 
is outlined here.  Details related to the behavioural history of the trials and trial selection for 
decommissioning, as well as the results and analysis of this work can be found in Chapter 
8.2. 
 
4.6.2.1  Ullage Gas Sampling and Analysis by Mass Spectrometry 
The first task of the decommissioning process was analysis of the trial’s ullage gas by 
mass spectrometry (MS).  A main aim for the internal gas MS analysis was to determine 
whether the assumption that pressure build-up during the trials was due to hydrogen gas 
formation, as expected from anoxic corrosion, was correct.  Therefore the absence of 
significant O2 levels within trials needed to be confirmed.   
Two mass spectrometers were available for the ullage gas sample: one of Hiden and 
one MKS Cirrus manufacture.  Both were capable of real-time continuous measurement.  
Each machine was tested with two calibration gasses, 10 ppm and 20 ppm O2(g) in Ar(g), in 
order to assess their oxygen sensitivity.  The Hiden machine had better O2 resolution than 
the Cirrus, registering the 10 ppm O2(g) above noise where the Cirrus could only detect the 
20 ppm O2(g).  No calibration gas with O2(g) < 10 ppm was available so the minimum Hiden 
resolution was not established.  However, the O2 content of the nitrogen gas feed used for 
trial pressurisation was not guaranteed to be below this level, so detecting O2 levels of this 
magnitude within trials would have been inconclusive.  For analytical purposes it was 
preferred to use a machine with a higher but known O2 detection limit.  As such the mass 
spectroscopy was performed with a MKS Cirrus Quadrupole mass spectrometer with a 
heated quartz in-feed and maximum sampling rate of 20 ml/min.  The H2(g) detection limit 
had been found by previous calibration to be 500 ppm at the full sampling rate, but the 
machine was not calibrated for other gas signals. 
The method of sampling the gas was developed around the limitations of the trial 
vessels, both their design and pressures at sampling, as well as the MS instrument.  Firstly, 
because the trial vessels had a single access valve, a through-flowing carrier gas could not 
be used to sample the trial gas.  Secondly, most of the trials selected for decommissioning 
were pressurised relative to ambient conditions whilst at the experimental temperatures of 
the water baths (40/50 ± 2 °C).  It would have been an easier task to undertake ullage gas 
sampling of pressurised trials.  However, it was necessary to remove the trials from the 
water baths for connection to the mass spectrometer and the process of MS sampling was 
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long enough to allow trials to equilibrate to ambient temperature.  The trials’ pressures at 
ambient temperature were checked the day before MS analysis and found to range between 
943 mBar and 1038 mBar for the four trials for decommissioning.  Trial pressure could 
therefore not be relied on as a driving force to aid sampling. 
The machine limitation was based on the requirement for constant through-flowing gas.  
Initially it was thought that the trial access valve could be connected directly to the MS inlet 
capillary and that, once MS oxygen readings originating from gas in the connecting tubes 
had diminished to below noise levels, opening the trial valve would allow the negative 
pressure created by the instrument to draw through and sample the trial gas.  Unfortunately, 
for all the machines tested, restricting the gas inlet flow past a certain point resulted in 
atmospheric gas signals to present.  It is strongly suspected that this was due to the 
negative pressure causing gas to be drawn in and sampled from the machine exhaust/outlet.  
As a result the final adapted method for trial gas sampling involved attaching the trial to a 
custom rig, constructed for the purpose and illustrated in Figure 15. 
Figure 15.  Illustrating the rig with which the corrosion trials' internal gas was sampled and 
analysed by mass spectrometry.  The four numbered objects are ball-valves for isolating 
sections of the rig, the piping and connections are represented in dark grey and the in-feed 
capillary in dark blue.  Gas access points are indicated with arrows and the in-line filter and 
trial connection are labelled in corresponding colours. 
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The constructed rig allowed atmospheric gas, a control gas and trial ullage gas feeds to 
be sampled in isolation or mixture via the in-line moisture filter and heated quartz capillary.  
Most importantly it allowed a continual supply of gas flow to the mass spectrometer, 
preventing the introduction of oxygen signals by exhaust sampling.  An initial baseline was 
established for the MS by sampling and analysing atmospheric gas, with valve 1 open and 
valve 2 closed.  The control gas (9.9 pm ± 2 % H2 in Ar) was then attached to the rig along 
with the trial for testing.  The trial valve (valve 4 in Figure 15) was kept closed until the actual 
measurement, but after baseline establishment valve 1 was closed and valves 2 and 3 
opened.  The control gas was then left to purge the MS system and open rig sections for up 
to an hour with a regulated pressure of 150 to 200 mBar Gauge.   
Once the MS reading for oxygen had diminished from atmospheric levels to become 
indistinguishable from noise (at around partial pressures of 10-2 to 10-4 mBar) then the 
measurement recording was started, the control gas regulation was turned down to around 
150 mBar Gauge and the trial valve, valve 4, was opened.  Recordings were stopped when 
there was confidence that the trial ullage gas had been sampled by the mass spectrometer, 
as based on significant changes in the MS trace from that of the control gas.  These took the 
form of dramatic coincident variation in various mass/charge partial pressures, which 
decayed gradually back the levels seen during control gas sampling. 
During the recording period each trial behaved slightly differently, presumably because 
of slight differences in the trial-to-rig pressure differential at equilibration.  For several trials 
immediate signals thought to be resultant from trial gasses, e.g. corresponding to changes in 
CH3, H2, N2 & Ar residue mass signals, were detected.  For other trials, opening the trial 
access valve resulted in no immediate signal change.  In these situations the control gas 
pressure was increased to c.a. 500 mBar Gauge, in order to pressurise the trial vessel, and 
then dropped to c.a. 150 mBar Gauge, letting the vessel de-pressurise and creating a signal 
response on the mass spectrometer which decayed steadily and generally within a minute or 
two.  Using this cycling of control gas pressures ullage gases were sampled for the four trials 
to be decommissioned, as well two used for practice runs in development of the method, 
were analysed.  The choice of trials, results of the analysis for each trial and differences 
between trial responses can be found in Chapter 8.2.1.  It should be noted that, because the 
method of sampling involved mixing the ullage gas with the control gas in unknown and 
dynamic ratios, the results of the MS analysis are purely qualitative. 
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4.6.2.2  The Mass Spectrometry Technique 
The quadrupole gas mass spectrometer utilises an electron gun to ionise, often with 
fragmentation, molecules of the sample gas.  A quadrupole electron magnet can then be 
used to accelerate the gaseous ions.  By altering the magnetic field strength, the exclusive 
targeting of ions with specific mass/charge ratios onto the detector is enabled.  Thus, a 
signal of the partial pressure at each scanned mass/charge value is obtained.  By 
determining the origin gas of each mass/charge value this technique can provide qualitative, 
or, with calibration, semi-quantitative/quantitative, gas compositions. 
 
4.6.2.3  Trial Deconstruction, Examination & Sample Collection 
After the MS analysis the four selected trials were transported into a controlled 
atmosphere glove-box along with the equipment required for the trial decommissioning.  The 
glove-box contained an argon atmosphere and oxygen and moisture sequestration systems, 
allowing both oxygen and water levels to be maintained below 10 ppm.  Typical levels of 
both chemicals during the decommissioning work were less than 5 ppm.  Continual 
monitoring of these levels was carried out and decommissioning work was only carried out 
when they were at < 10 ppm, in order to avoid the reaction of labile corrosion products 
Figure 16.  Showing the glove-box used for trial decommissioning. 
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possibly present, such as UH3.  To maintain this environment equipment and trials entered 
the glove-box via a large air-lock, which underwent a cycle of argon purging between being 
opened to the external environment and the internal glove-box space.  The final adjustment 
required before commencing decommissioning was reducing the internal glove-box pressure 
from its usual significant over pressure to just 0.4 Bar Gauge in order to prevent the transfer 
of particulate uranics from inside to outside via the small leak points.  This was the lowest 
pressure possible whilst maintaining the low moisture and oxygen levels.  The glove-box 
used is shown in Figure 16. 
To deconstruct the trial vessel for wasteform decommissioning, firstly, the nuts on the 
five main pins above the vessel top-plate were unscrewed and removed (C.f. Figure 17).  
Then, a screw-thread jack positioned between the inside edge of the two vessel plates was 
used to pry open the vessel seals.  The main vessel body was then carefully deconstructed 
around the wasteform, and the wasteform itself was eventually lifted from the base plate 
Figure 17.  Showing the MKPC/U-metal corrosion trial 7.4-50°C-1 at various stages of 
decommissioning, progressive from top left to bottom right.  The cracks visible in the free-standing 
wasteform were visible prior to decommissioning. 
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onto the centre of a white tray.  Every wasteform 
contained significant cracks emanating from the 
uranium metal surfaces, which made 
deconstructing the wasteforms themselves very 
simple.  Pieces of the cement were removed from 
the wasteform, from the top down and generally 
by hand, exposing the remains of the uranium 
disc.  The metal remains and cement pieces were 
laid out on the white tray and analysis samples 
were collected (C.f. Figure 17).  In addition, 
observations of the physical condition of the trial 
and wasteform were made and photographs were 
taken throughout the entire decommissioning 
process.  Observations included monitoring of the 
wasteform temperature using a Wahl Heat Spy 
HSI3000 thermal imaging camera.  
The material collected from each trial included 
pieces of cement from around the metal remains, 
(for compositional analysis and microstructural 
characterisation), intact flakes of corrosion product 
(for microstructure/morphology characterisation) 
and as much of the corrosion product as possible 
(for compositional analysis).  When collecting the 
corrosion product from around the disc, much of it 
was only loosely bound to the metal or cement 
and could be poured into the container, but both 
cement and uranium surfaces were scraped in 
order to collect as much of the product as 
possible.  As a result it is likely that some small 
amounts of MKPC contaminated the collected 
product. 
For two of the trials, 7.4-50°C-1 and 
7.5-50°C-2, the metal remains were scraped as 
clean as possible and collected for cleaning, so 
that fairly accurate residual U-metal masses could 
be measured.  In contrast, for the other two 
Figure 18.  Showing examples of three 
of the sample types collected during the 
decommissioning process.  From top to 
bottom: a mounted flake of corrosion 
product, a section of the cement-
corrosion product interface and the 
metal remains in this instance with the 
metal-product interface intact.  
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decommissioned trials, 7.6-40°C-1 and 7.6-50°C-2, the metal remains were collected with 
the corrosion product layer on one surface of the metal intact so that the microstructure at 
the product-metal interface could be examined.  For these same trials intact samples of the 
cement-product interface were also collected. 
Once collected and stored in appropriate containers, all samples were transferred into 
purpose built hermetic vessels, one per trial.  An example vessel is shown in Figure 19.  
Each consisted of one steel tube and a three piece hermetic lid at each end.  The lids: a 
plate, rubber seal and clamp combined to produce the required airtight closure. 
 
4.6.2.4  Corrosion Trial Sample Analysis 
In order to identify the composition of the 
uranium corrosion product samples x-ray 
diffraction and thermal decomposition analysis 
were carried out.  The XRD was performed on a 
Phillips expert MPD x-ray diffractometer with a 
ceramic CuKa source.  The conditions used for 
each scan were a range of 5.01-69.96 °2θ, 0.02 ° 
step size and a time per step of 2 seconds.  This 
was considered a good balance between signal to 
noise ratio and scan duration.  In order to maintain 
an oxygen and moisture free resident environment 
for the corrosion products, sample preparation 
was carried out within the glove-box described 
previously (C.f. Chapter 4.6.2.3). The corrosion 
product powders were transferred to a hermetic 
sample holder utilising a kapton film held in place 
by a clip-on PTFE film cap.  Kapton was used due 
to its high transmittance to x-ray. 
DTA was undertaken, with MS, dew point 
meter and oxygen meter detection systems for 
emitted gas analysis.  This was aimed to allow the 
identification of decomposition emitted gases to 
aid in determining corrosion product compositions.  
A Thermogravimetric Analyser model STA 449 F1 
Figure 19.  Showing a hermetic 
container used for the storing of 
corrosion trial samples. 
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Jupiter manufactured by Netzsch Instruments was used.  The TGA exhaust was fed through 
a mass spectrometer (the Hiden Analytical HPR-20 operated at a chamber pressure of 
2×106 Torr) via a heated quartz capillary with an air bleed as per the manufacturer’s 
specifications.  Also connected to the exhaust of this machine was an oxygen meter (the 
Systech Oxygen Transmitter Module EC91) and a dew point meter (the Easidew Pro I.S 
from Michell Instruments). 
Sample preparation methods for electron microscopy based techniques varied 
depending on the sample type.  Uranium metal samples were impregnated in low-viscosity 
epoxy resin under vacuum.  After this, the metal surface for observation was exposed by 
staged grinding using silicon carbide papers up to 2500 grit, followed by staged polishing 
with IPA lubrication on a MetPrep Alphacloth (long nap) using diamond suspensions of 
particle sizes down to 0.25 µm.  Similarly, cement/corrosion product samples were 
impregnated in epoxy by the same method.  Grinding/polishing was carried out, again with 
the same method as for metallic samples but for much shorter duration.  This was in order to 
preserve the friable material of which the samples consisted.  The final grinding stage for 
such samples used 4000 grit paper, and the final polishing stage a 0.25 µm diamond 
suspension.  
 
4.6.3  Anoxic Corrosion Rate Calculation 
Raw pressure and temperature data recorded from sensors within the corrosion trial 
vessels, along with trial ullage volumes (the volume within trials available to gas) were used 
as a starting point from which to assess the corrosion behaviour of the trials.  For trials which 
had pressurised due to anoxic corrosion this data was used to calculate anoxic corrosion 
rates.  In this experiment the determination of oxic corrosion rates was not attempted 
because of the more complex nature of the process, involving a non-linear relationship 
between pressure and time due to the rate dependence on limited oxygen amounts within 
the trials.  The data treatment steps involved in anoxic corrosion rate calculations are 
described. 
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4.6.3.1  Data Treatment Step 1:  Calculating the Moles of Ideal Gas 
The instantaneous pressure and temperature data for trials was converted into 
instantaneous moles of gas within the trial vessel.  To do this the ideal gas law, 
Equation (30), was used along with the trial ullage volumes.  The ullage volume was 
calculated by taking the difference of the measured internal trial vessel and wasteform 
volumes, determined as above in Chapter 4.6.1.5.   
The Ideal Gas Law 
 
𝑛 =   
𝑃 ∗  𝑉
𝑅 ∗  𝑇 
 
(30) 
Where n is the number of moles of ideal gas within the vessel, P is the pressure of the gas within the 
vessel in Pa, V is the internal volume or ullage volume of the vessel in m3, R is the real gas constant, 
8.314 J·K-1.mol-1, and T is the temperature in degrees Kelvin. 
 
4.6.3.2  Data Treatment Step 2:  Calculating the Mass of Uranium Corroded 
The instantaneous molar data, produced in step one above, is an accurate 
approximation of the amount of gas within a trial.  Taking the difference between two molar 
gas values associated with two time points provides the change in the amount of gas over 
this period of time within the trial in question.  By calculating this difference for sequential 
time points and adding this differential to the sum up to the first of these two times, starting 
with zero for the first differential, the instantaneous data sets can be converted into 
cumulative gas data sets.   
Periods during which the gradient of the cumulative gas versus time function for a trial is 
positive correspond with periods of gas production within the trial.  Based on the reactivity of 
uranium we can make the reasonable assumption that the gas produced is H2(g), released by 
the anoxic corrosion of the encapsulated uranium: 
Primary Anoxic Uranium Corrosion [10] 
 𝑈 + 2𝐻2𝑂 → 𝑈𝑂2 + 2𝐻2 (2) 
As discussed in Chapter 2.1, oxygen inhibits the production of hydrogen by anoxic 
Uranium corrosion according to Equation (2).  As a result we can be confident that significant 
O2 consumption, due to oxic corrosion (Equation (1)), does not occur simultaneously with 
anoxic H2 production.  One further assumption is made in order to allow the calculation of 
anoxic corrosion rates from the trials.  We assume that the kinetics of anoxic uranium 
corrosion within MKPC cement is dependent on a single reaction (Equation (2)) and that the 
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secondary anoxic corrosion reactions (Equations (3) and (4)) have a negligible impact on the 
corrosion kinetics: 
Secondary Anoxic Uranium Corrosion [10] 
 4𝑈 + 4𝐻2𝑂 → 2𝑈𝑂2 + 𝐻2 + 2𝑈𝐻3 (3) 
 2𝑈𝐻3 + 4𝐻2𝑂 → 2𝑈𝑂2 + 7𝐻2 (4) 
A discussion on the validity of these assumptions, including evidence from literature and 
the results of this project, is included in Chapter 8.3. 
The positive molar gas differentials corresponding to H2(g) production, based on the 
above assumptions, are converted to differentials of the mass of uranium corroded , by 
dividing the moles gas difference by 2*238.03.  Where 2 is a stoichiometric constant for 
anoxic corrosion, the ratio of moles H2 gas produced to moles U-metal corroded anoxically, 
and 238.03 is the molar mass of the major isotope of Uranium used to change the 
calculation units from moles to mass in grams.  In this way the cumulative gas data set was 
converted into a cumulative mass of U-Metal consumed by anoxic corrosion data set, 
referred to simply as ∆U corroded from this point on. 
For this calculation we assume that all the gas is produced by corrosion of 238U.  The 
isotopic distribution of Uranium in the discs and their composition of alloys is discussed 
above, in Chapter 4.6.1.1.  Based on the low magnitudes of impurities it is reasonable 
assume that corrosion of no metals other than Uranium is contributing significantly to H2(g) 
gas production.  Additionally, the isotopic uranium distribution is such that the use of the 238U 
atomic mass in the calculation of ∆U corroded will not result in significant inaccuracy within 
the obtained results. 
This cumulative calculation is only valid for periods of anoxic corrosion because of the 
underlying assumptions, so cumulative data sets were only calculated for anoxic periods 
within trials.  This excludes trials with significant leaks, because they fail to undergo anoxic 
corrosion presumably due to the ingress of oxygen.  The initiation point of anoxic uranium 
corrosion was identified as the time-point before the first positive differential after which the 
gradient of the cumulative data versus time function is positive. 
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4.6.3.3  Data Treatment Step 3:  Data Editing to Remove the Impact of Errors and 
Maintenance Events 
The influence of certain events, errors and artefacts within the raw data on the 
cumulative data set were removed, both manually and using a macro written in VBE (Visual 
Basics for Excel).  This was performed in order to connect the linear segments of the 
cumulative data set and allow accurate calculation of the anoxic corrosion rates for uranium 
at the trial temperatures.   
The macro uses error criteria, against which cumulative data is checked.  Trial data is 
checked iteratively, starting from the earliest data points until an error is detected.  A second 
checking procedure is then used to detect the presence of additional errors in the data, 
sequential to the first.  In this way “error ranges” in the data are detected and edited.  The 
error criteria used to detect the first error in a sequential set are: there is no data associated 
with a time-point or the differential between one data-point and the previous exceeds the 
threshold input by the user.  To detect errors sequential to the first, the same criteria are 
used with one addition: the differential between two data points equals zero.  The last of the 
criteria is to detect the presence of sequential and equal error values.  This is not part of the 
first checking procedure as it would lead to the incorrect editing of the occasionally present 
non-error zero value data differentials. 
An error differential threshold of ∆U = 0.02 g was selected for use within the macro after 
being found by trial and error to differentiate.  In some cases the initiation of anoxic corrosion 
is characterised by an immediate and significant pressure increase which in some cases 
corresponds to a ∆U value larger than this threshold value.  To prevent the removal of these 
events by the macro, a time-point several intervals after the point of anoxic initiation was 
chosen as the first for checking by the macro.  The equations with which error ranges were 
edited out of the data are shown below: 
General Cumulative Equation 
 
∆𝑈𝑛 = ∆𝑈𝑛−1 +
𝑀𝑛 − 𝑀𝑛−1
2 ∗ 238.03
 
(31) 
Edit for First Cumulative Data Point After an Error Range 
 
∆𝑈𝑓𝑖𝑛+1 = ∆𝑈𝑖𝑛𝑖 +
𝑀𝑓𝑖𝑛+1 − 𝑀𝑓𝑖𝑛 + 𝐷
2 ∗ 238.03
 
(32) 
 
𝐷 = (𝑡𝑓𝑖𝑛 − 𝑡𝑖𝑛𝑖−1) ∗
𝑀𝑖𝑛𝑖−𝑙 − 𝑀𝑖𝑛𝑖−(𝑙+12)
𝑡𝑖𝑛𝑖−𝑙 − 𝑡𝑖𝑛𝑖−(𝑙+12)
 
(33) 
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Interpolation Edit for Error Range Data-Points 
 ∆𝑈𝑛 = 𝐺 ∗ ∆𝑡 + ∆𝑈𝑖𝑛𝑖−1 (34) 
 
∆𝑈𝑛 =
(∆𝑈𝑓𝑖𝑛+1 − ∆𝑈𝑖𝑛𝑖−1)
(𝑡𝑓𝑖𝑛+1 − 𝑡𝑖𝑛𝑖−1)
∗ (𝑡𝑛 − 𝑡𝑖𝑛𝑖−1) + ∆𝑈𝑖𝑛𝑖−1 
(35) 
Where ∆𝑈 is the cumulative mass of uranium metal corroded in grams, 𝑡 is the time in days and 𝑀 is 
the instantaneous moles of gas within the trial ullage volume.  The subscripts denote the time-point 
number associated with the value of a variable, fin and ini denote the final and initial time-point 
numbers associated with the error range ∆U values, remembering that the time-point at the start of the 
∆𝑀 (molar differential) values referenced in the initial error ∆U value is one before that associated with 
the ∆U value itself (ini-1).  Finally the subscript 𝑙 is a variable >5 and increased by the macro until a 
range of 12 molar values is found before the error range which are not themselves part of an error 
range. 
Below is an overview of the situations where the cumulative data was edited, the cause 
of the situation, error types and the methods with which they were dealt.   
 
4.6.3.3.1  Edit Situation 1:  Instantaneous Pressure Data Errors 
There are several sets of causes and associated symptoms within the instantaneous 
pressure data.  Malfunction and disconnection of the two data loggers created various error 
values in the instantaneous pressure data.  These included a total absence of data for 
certain time-points and error values of 2499, -624, -625 or 0 depending on the data logger 
and the malfunction.  Both blank and zero values were dealt with by a combination of 
Microsoft© Excel data handling, which added an artificial differential to the molar values of 
zero, and using the macro, which interpolated the gradient from before these events in the 
space where these artificial jumps were created.  Generally the other error values were 
manually replaced with blank cells to be handled as above.  In the instances where they 
were missed, the macro removed the abnormally large beginning and end error differentials 
produced in the cumulative data, as well as the zero value differentials due to sequential 
error values.  
 
4.6.3.3.2  Edit Situation 2:  Pressure Differentials Due to Maintenance Events: 
Large pressure differentials occurred due to maintenance events such as venting to 
reduce trial pressure or trial pressurisation for leak testing.  These events were characterised 
by large pressure changes, in the order of 50-200 mBar, occurring over seconds and hence 
within a single sampling interval.  As such these events influenced only a single pressure 
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differential between sequential time-points, they were detected and their effects removed by 
the macro.  The differential magnitude threshold value used by the macro was selected on 
that basis. 
 
4.6.3.3.3  Edit Situation 3:  Instantaneous Temperature Data Errors: 
In the case of thermocouple disconnection or malfunction and depending on the data 
logger concerned several possible error values were present in the instantaneous 
temperature data.  These included the word “Error”, zero values, blank values, negative 
values or values of 101.5.  Except for the zero values and blank values, all other error values 
in the temperature data were systematically replaced with blank values.  Both zero and blank 
instantaneous temperature values produce molar gas values of zero.  As mentioned above 
the excel configuration used added an artificial jump in instances of blank or zero molar 
values, allowing the macro to easily identify them and remove their effect on the cumulative 
data by interpolation.  
 
4.6.3.3.4  Edit Situation 4:  Absent Data Points: 
An absence of instantaneous data points for a period was caused by a lack of power to 
the data loggers because of malfunction or maintenance.  It produced a differential value 
which is detected by the macro as an error.  This is because the macro detected errors using 
the size of the differential between two time-points rather than the size of the differential per 
unit of time.  If during this period a vent, maintenance event or error occurred then the 
difference would reflect this.  Similarly, in the absence of such an event, the differential 
reflected normal corrosion but over a much longer time difference than that of the normal 
sampling interval.  
The error detection method used by the macro could be updated to prevent treatment of 
normal differentials over larger than normal time intervals, however the infrequency of these 
events made it more time-efficient to determine which trials had no maintenance events 
concurrent with a period of data absence as well as an anoxic period, and revert the data at 
those points back to its state before macro treatment.  This was the case for trials 7.5-30°C-1 
and 7.6-40°C-1 at 191-200 days, and trial 7.5-50°C-1 at 132-136, 244-252 and 282-287 
days. 
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4.6.3.3.5  Edit Situation 5: Temperature Drop Data Alteration 
One situation where data was removed from the cumulative data other than as the result 
of maintenance, malfunction or sampling errors was that associated with significant and 
prolonged drops in trial temperature (> 5 d).  This occurred during a period in which the 
water bath heaters were switched off.  Molar gas data associated with this period was 
cleared and the macro interpolated this period of absence as with other errors such as blank 
temperature values, described above.  The choice to remove the influence of this data was 
based on prioritising the accuracy of the calculated corrosion rate for the intended trial 
temperature above the accuracy of the calculated mass of Uranium consumed by anoxic 
corrosion. 
Editing the data in this way removed the influence of the reduced corrosion rate during 
prolonged temperature drops on the calculated rate, thus allowing calculation of a corrosion 
rate more accurate for the intended trial temperature but less representative as a true 
average for the trial.  Therefore, as a result of the choice to edit these periods, corroded 
mass of uranium values calculated from trial data are expected to be slight overestimations 
and considered secondary in quality to calculated rates. 
 
4.6.3.4  Data Treatment Step 4:  Anoxic Corrosion Rate Calculation 
After error and maintenance event removal from the ∆U corroded trial data, a final data 
processing step was carried out to enable calculation of corrosion rates.  The data was 
converted from the ∆U corroded in g to the ∆U corroded in kg per m2 of metal surface area.  
To do this the former variable was divided by the calculated metal surface area corroding at 
each time-point.  This required estimation of disc shrinkage with corrosion, for which even 
disc shrinkage was assumed:  The disc height and diameter are reduced by the same time 
dependent length, and no edge rounding or increase in surface roughness occurs with the 
reduction to the disc’s volume.  The disc volume at each time-point was calculated from the 
mass of U-metal corroded and the initial disc mass and dimension measurements, according 
to Equation (36): 
 
𝑣𝑛𝑒𝑤 = 𝑣𝑖𝑛𝑖 − (
𝑀𝑈
𝜌 ∗ 1000
) 
(36) 
Where 𝑣𝑛𝑒𝑤 is the instantaneous volume of U-metal in m3, 𝑣𝑖𝑛𝑖 is the original volume of U-metal in m3 
approximated to be the initial disc volume, 𝑀𝑈 is the instantaneous mass of U-metal corroded in g, 
and 𝜌 is the density of the disc in kg·m-3.  Both 𝑣𝑖𝑛𝑖 and 𝜌 were calculated from the initial disc mass 
and dimension measurements. 
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We can relate the instantaneous uranium volume with new disc dimensions through 
Equation (37), below.  The first route of the resultant cubic function, Equation (38), provides 
the dimension reduction distance, 𝑥, which was used to modify the initial disc dimensions 
and calculate the instantaneous U-metal surface area according to Equation (39).  
Normalising the cumulative corrosion using this surface area adjustment was then achieved 
with Equation (40). 
Instantaneous Uranium Volume 
 
𝑣𝑛𝑒𝑤 = (𝜋 × (
𝑑 − 𝑥
2
)
2
× (𝑤 − 𝑥)) 
(37) 
Cubic Equation for Corroded Distance, x 
 
0 = −𝑤𝑑2 +
4𝑣
𝜋
+ (2𝑤𝑑 + 𝑑2)𝑥 − (𝑤 + 2𝑑)𝑥2 + 𝑥3 
(38) 
Instantaneous Uranium Surface Area 
 𝑆 = (2𝜋 (
𝑑 − 𝑥
2
)
2
) + ((𝑤 − 𝑥)(𝑑 − 𝑥)𝜋) (39) 
Corrosion Relative to Reactive Surface Area 
 
𝐶 =
𝑀𝑈
1000 ∗ 𝑆
 
(40) 
Where 𝑣𝑛𝑒𝑤 is the instantaneous volume of U-metal in m3, 𝑑 and 𝑤 are the average measured initial 
U-disc diameter and thickness in m, respectively, 𝑥 is the reduction distance also in m, 𝑆 is the 
instantaneous surface area in m2, 𝑀𝑈 is the instantaneous mass of U-metal corroded in g and 𝐶 is the 
uranium anoxically corroded for each unit of metal surface area in kg·m-2. 
Finally, trial anoxic corrosion rates in kg·m-2·day-1 were calculated as the average 
gradient of the corrosion, in kg·m-2, versus time function over anoxic periods.  This was 
performed through linear regression analysis.  Early anoxic corrosion behaviour and rates 
showed early fluctuation in several variable patterns, discussed later (C.f. Chapter 8.2.1).  
The point from which data was plotted for the anoxic rate determination was selected by eye 
as the point at which the gradient of the corrosion (kg·m-2) versus time line was judged to be 
consistent, relative to noise fluctuations.  The end point of the plotted data was determined 
as either the end of the data, or the point at which anoxic corrosion ends, as indicated by 
re-establishment of a negative ∆U versus time gradient.  The analysis of the corrosion trial 
results, including these rates can be found subsequently, in Chapter 8.  Figure 20, below, 
illustrates the input and output of the data treatment process described. 
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Figure 20.  A plot of both the corrosion and raw pressure signals versus time for corrosion trial 
7.6-50°C-2, to illustrate the transformation brought about by the raw data treatment process for 
anoxic trial periods.  Where, the two signals are plotted against differing y-axes of corresponding 
colour. 
 
97 
 
5  The Dependence of Processing Properties on Formulation 
Variables and Factors Influencing Formulation Selection 
5.1  Introduction 
This chapter describes the development and selection of three MKPC encapsulant 
formulations.  This was achieved based on the cement processing characteristics, strength, 
industrial acceptance criteria and the desire to minimise uranium corrosion in resultant 
MKPC/U-metal wasteforms.  The strengths of all MKPCs with adequate processing 
properties were found to exceed acceptance requirements, so the discussion of strength 
data has been reserved for the broader discussion of MKPC property evolution as part of 
Chapter 6.  It should be noted that results in this chapter are reported chronologically, 
highlighting the progression of formulation development choices.  This is considered 
appropriate due to the occurrence of reproducibility issues mid-way through the work, which 
resulted in a significant change of approach.   
 
5.2  Results 
5.2.1  Initial Formulation Selections 
As a starting point for formulation variations, two promising formulations were selected 
from earlier work aimed at similar applications [6, 12].  These standard formulations are 2.1 
and 3.1, shown below using the variable definitions outlined in Chapter 4.2 and in Table 7 by 
component mass: 
2.1 M/P = 1.5, W/C = 0.54, Boric acid = 9 wt.% (of M), PFA=50 wt.% (of W+M+P), 
3.1 Same as 2.1 except with less magnesia: M/P = 1.25. 
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Component Mass /g 
Formulation Water B(OH)3 PFA DBM KDP 
2.1 462.0 23.7 658.8 263.2 592.4 
3.1 462.7 20.9 659.7 231.5 625.3 
 
To enable selection of MKPC formulations for general testing and uranium 
encapsulation trials, it was necessary to establish a formulation envelope within which 
industrial cement processing acceptance criteria were met.  In order to do this a suite of 
formulations was generated.  The selection aim was to represent a variable space broad 
enough to generate understanding of formulation-property relationships whilst still being 
practically useful.  Table 8, overleaf, shows the variations made to the standard formulations’ 
parameters in order to produce this formulation suite.  The complete suite is displayed in full 
in Table 9.  In most cases only one parameter was varied at a time, however, in order to 
understand the effect of using different MgO granularities, formulations were fabricated in 
which the MgO Mesh size and boric acid content were both varied.  In total this produced a 
processing testing range consisting of 24 different formulations: 13 variants of standard 2.1 
and 11 variants of 3.1.   
  
Table 7.  The component masses required to make up approximately 1 L of 
each of the base formulations, in grams. 
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Table 8.  Formulation variations applied to formulation 2.1 and 3.1. 
 Formulation 2.1 Formulation 3.1 
Parameter Initial Variants Initial Variants 
W/C 0.54 0.38 & 0.46 0.54 0.38 & 0.48 
Boric acid (wt.%) 9 0 & 18 9 0 & 18 
M/P (molar) 1.5 1 & 2 1.25 - 
PFA (wt.%) 50 0, 25 & 75 50 0, 25 & 75 
MgO granularity (Mesh) 60 200 60 200 
 
Table 9.  Definitions of the formulations tested in the initial processing property assessment.  Where 
formulation variables used are explained in Chapter 4.2 and variables altered with respect to the 
relevant standard formulation (2.1/3.1) are highlighted in grey. 
 
 W/C B PFA M/P M size W/P W/S 
MKPC by wt. wt.% wt.% Molar Mesh Molar By wt. 
2.1 0.54 9.01 50 1.5 60 5.9 0.30 
2.2 0.54 0 50 1.5 200 5.9 0.31 
2.3 0.54 9.01 50 1.5 200 5.9 0.30 
2.4 0.54 18.02 50 1.5 200 5.9 0.30 
2.5 0.38 9.01 50 1.5 60 4.1 0.22 
2.6 0.46 9.01 50 1.5 60 5.0 0.26 
2.7 0.54 0 50 1.5 60 5.9 0.31 
2.8 0.54 18.02 50 1.5 60 5.9 0.30 
2.9 0.54 9.01 50 1 60 5.3 0.30 
2.10 0.54 9.01 50 2 60 6.5 0.30 
2.11 0.54 9.01 0 1.5 60 5.9 0.53 
2.12 0.54 9.01 25 1.5 60 5.9 0.38 
2.13 0.54 9.01 75 1.5 60 5.9 0.25 
3.1 0.54 9.01 50 1.25 60 5.6 0.30 
3.2 0.54 0 50 1.25 200 5.6 0.31 
3.3 0.54 9.01 50 1.25 200 5.6 0.30 
3.4 0.54 18.02 50 1.25 200 5.6 0.30 
3.5 0.38 9.01 50 1.25 60 3.9 0.22 
3.6 0.48 9.01 50 1.25 60 5.0 0.27 
3.7 0.54 0 50 1.25 60 5.6 0.31 
3.8 0.54 18.02 50 1.25 60 5.6 0.30 
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3.9 0.54 9.01 0 1.25 60 5.6 0.53 
3.10 0.54 9.01 25 1.25 60 5.6 0.38 
3.11 0.54 9.01 75 1.25 60 5.6 0.25 
101 
 
5.2.2  Processing Properties and Physical Characteristics 
All 24 chosen formulations underwent processing property assessment.  This included 
fluidity, bleed and qualitative workability and setting time measurements, as described in 
Chapter 4.4.  For comparison, the main processing property requirements for encapsulation 
slurries in the UK are [6]: 
1. Maintenance of fluidity for at least 2.5 hours after initial mixing, 
2. Initial set > 4 h,  
3. Final set < 24 h, 
4. Bleed < 2% at t = 26.5 h [6, 27]. 
The industrial minimum fluidity of standard 3:1 by mass BFS/PC (W/S = 0.35) and 
PFA/PC (W/S = 0.42) encapsulation slurries, as measured using the Colflow apparatus, are 
> 200 mm at 150 min and > 400 mm at 90 min, respectively [27].  For reference, the NNL 
measured flow for the 3:1 BFS/PC and 3:1 PFA/PC control grouts were 420 mm at 150 min 
with no bleed and 560 mm at 90 min with 4 vol.% bleed, respectively [81].  The same 
PFA/PC grout fluidity measured in this work was 350 mm at 90 min.  The low in-house 
measurement relative to that performed by NNL suggests that the lack of a high sheer 
mixing period in this work produced lower slurry fluidities than would be observed in an 
industrial setting.   
In general MKPC Colflow fluidities were found to be very good and in excess of the 
upper equipment limit of 720 mm throughout the 150 minute mixing time.  These included 
that of both standard formulations 2.1 & 3.1, as well as all the variants including 18 % boric 
acid, differing M/P ratios and 25% (reduced) PFA content.  Exceptions to this include the 
formulations which failed to meet processing requirements due to rapid setting, producing 
flow values of 0 mm before the final measurement (at t = 150 min).  This was the case for (i) 
all formulations without boric acid, and (ii) both formulation 2.1 and 3.1 variations combining 
only 9 wt.% boric acid with the more reactive 200 Mesh MgO.   
Despite good fluidities, combined 18 wt.% boric acid and 200 Mesh MgO formulations 
were also suspected not to meet setting requirements, with initial set times of below 4 h.  
Flash setting of the formulation 2.1 variant containing 0 % Boric acid and 200 Mesh DBM 
occurred so quickly (< 20 min) that the equivalent variant of formulation 3.1 was expected to 
react similarly and was hence ruled out without testing.  All of the formulations which set 
rapidly still exhibited high fluidities up until one or two measurement times prior to their 
setting.  In fact, the lowest fluidity measured across all the formulations was 370 mm, which 
occurred within minutes of the cement setting for the 0 % boric acid variant of 2.1. 
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Formulations which passed processing requirements but had reduced fluidities, within 
range of the Colflow apparatus, were the formulations with the lowest W/S ratios.  These 
include the W/C = 0.38 and W/C = 0.46 variations of 2.1, the W/C = 0.38 variation of 3.1 and 
the 75 % PFA variants of both 2.1 and 3.1 (C.f. Table 9).  Generally such fluidities were 
relatively constant throughout the measurement time, as seen in Figure 21.  The lowest 
fluidity recorded in the latter group was 510 mm (W/C = 0.38 variant of 2.1), which is 
markedly more fluid than both the minimum industrial requirements [27] and the reference 
value of 420 mm at t = 150 min for the 3:1 BFS/OPC slurry [6].  Flow measurements also 
exhibited a degree of seemingly random variation between time points, as illustrated by 
Figure 21, which was assumed to reflect the technique’s precision; although systematic 
repeats to quantify measurement error were not carried out.  Colflow and bleed results can 
be seen in full in Appendix 1.   
Testing clearly showed the effect of PFA content on slurry workability, with poor mix 
homogeneity apparent in the 0 % PFA variant of formulation 2.1.  MgO settled to the bottom 
of the mixture which resulted in a layered product which never fully set on top and exhibited 
excessive bleed up to 48 h (C.f. Figure 22).  This meant that CS testing of the formulation 
Figure 21.  Showing flow table measurements for two W/C ratio variants of general 
formulation 2.1. 
103 
 
was impossible.  The clear failure of the formulation to meet requirements 2, 3 and 4 (above) 
meant that thorough processing tests were deemed unnecessary.  The formulation 3.1 
equivalent was also not tested based on this evidence.  Apart from this 0 % PFA formulation 
no others exhibited any bleed. 
 
Whilst some PFA was crucial for a fluid heterogeneous mix, it was also observed that 
increasing the PFA content from 50 % to 75 % (with respect to H2O+MgO+KH2PO4) resulted 
in a reduction in the measured flow, for both the 2.1 and 3.1 formulation variants.  For 
example the final 150 min flow for the 2.1 50 % and 75 % PFA variants were >720 mm and 
590 mm, respectively.  This correlates with the reduction in the W/S ratio.   
A final observation with respect to processing characteristics is that boric acid seems to 
play a role in providing mix homogeneity.  In the set cement cross-section of the formulation 
2.1 variant without boric acid (C.f. Figure 22) a lighter coloured layer is clearly visible at the 
bottom of the sample.  The assumption that this was an MgO rich layer, formed due to the 
settling of the dense DBM powder, was confirmed by comparison of XRD patters of cement 
from the top and bottom of this sample, as seen in Figure 23.  Using identical XRD 
conditions, the relative intensities of periclase assigned peaks is significantly higher in scans 
of the prism bottom.   
 
Figure 22.  Showing cross sections of 3 cement prisms, each a different MKPC formulation from the 
initial suite.  To illustrate the layering effect observed in the 0 % PFA (left) and 0 % boric acid (middle) 
variants of 2.1, compared with the even colour and texture of all other formulations as exemplified by 
standard formulation 2.1 (right). 
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These results suggest that, apart from 
workability, setting time is the key 
acceptance criterion for establishing a 
formulation envelope within which the 
above requirements (1 - 4) are met.  For 
formulations within the range tested, which 
did not undergo rapid setting and contain 
≥ 25 % PFA, the bleed production, slurry 
workability and fluidity requirements are 
met.  A formulation envelope 
encompassing variable ranges shown to 
meet industrial acceptance criteria was 
determined from these results as follows: 
 25 - 75 % PFA 
 60 Mesh DBM 
 9 - 18 % Boric Acid 
 2:1 to 1:1 molar M:P ratio 
 W/C of 0.38 – 0.54 
 
 
The above ranges assumed that corresponding cements met setting time and heat 
evolution criteria.  There was confidence this was the case, based on previous work and 
qualitative measurement.  The cements were also shown by strength development results to 
conform to encapsulant strength criteria, with high PFA correlating with improved strength, 
as will be discussed in Chapter 6.  The generally excellent processing compliance of the 
MKPC formulations lead to initial confidence that this formulation envelope could be 
expanded by further work with respect to many of the variables.  Such testing might have 
included boric acid contents of between 0 % and 9 % with 60 Mesh DBM formulations, 200 
Mesh DBM formulations with higher boric acid contents and blended 60 Mesh and 200 Mesh 
DBM formulations. 
 
Figure 23.  Showing XRD patterns of 
material from the top and bottom of the 0 % 
boric acid variant of 2.1, recorded under 
identical conditions.  Adjacent patters are 
duplicate measurements.  Only the MgO 
peaks are labelled, as they are the only 
point of discussion. 
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5.2.3  Reproducibility Issues and Encapsulant Formulation Selection 
The formulation envelope developed for MKPC was used to select 6 candidate 
formulations for further suitability testing; 3 of which were intended for uranium metal 
corrosion trials.  These formulations can be seen in Table 10, below.  Contributions of the 
CS data to the reasoning behind these selections are discussed in Chapter 6.2.1 and include 
a strong inverse correlation between water content and ultimate cement strength, as well as 
improved late age MKPC strengthening with high PFA loadings. 
On initiating further testing a serious reproducibility issue immediately became apparent.  
The previously tested formulations exhibited setting with significant expansion and cracking 
resulting in catastrophic deterioration of the durability characteristics.  The mixes had normal 
consistency, colour, fluidity and behaviour once poured.  However, at a point thought to be 
between initial and final setting times (10 to 20 h for 2.1) dramatic expansion of the cement 
occurred, coupled with the presence of white inclusions and surface coatings.  Examples of 
samples which underwent this expansive cracking include those of 2.1 and 4.1 shown in 
Figure 24. 
  W/C B PFA M/P 
M 
Mesh 
   
 Code wt. wt.% wt.% Molar 
60:200 
by wt. 
Intent Tested Outcome 
In
it
ia
l S
el
ec
ti
o
n
 
2.1 0.54 9.0 50 1.50 1:0 Encapsulant Yes Expansion 
3.1 0.54 9.0 50 1.25 1:0 Characterisation Yes Expansion 
4.1 0.46 9.0 50 1.25 1:0 Encapsulant Yes Expansion 
5.1 0.46 18.0 60 1.25 0:1 Characterisation Yes Set concerns 
6.1 0.54 9.0 60 1.00 1:0 Characterisation Yes Expansion 
7.0 0.46 18.0 60 1.25 1:3 Encapsulant No Abandoned 
La
te
r 
D
ev
el
o
p
m
en
t 
6.2 0.54 9.0 50 4.00 1:0 Expansion resistance Yes Set concerns 
7.1 0.40 9.0 60 2.25 1:0 Resistance-set balance Yes Set concerns 
7.2 0.51 9.0 60 2.25 1:0 Resistance-set balance Yes Set concerns 
7.3 0.40 18.0 60 2.25 1:0 Resistance-set balance Yes Set concerns 
7.4 0.44 18.0 60 1.75 1:0 Resistance-set balance Yes Selected 
7.5 0.44 18.0 50 1.75 1:0 Resistance-set balance Yes Selected 
7.6 0.48 18.0 60 1.75 1:0 Resistance-set balance Yes Selected 
Table 10.  Formulations considered and/or developed in work subsequent to the initial processing scheme.  
Where the “tested” column refers to carrying out of workability and set observations.  Of the two groups 
displayed, the “initial selection” formulations were chosen before occurrence of the expansion issue, whereas 
“later development” formulations were developed in response to the problem.  The “later development” 
formulations are listed in the chronological order of their development.   
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Attempts to determine the root causes of the change in cement setting properties were 
unsuccessful despite extensive exploration.  This included starting material characterisation 
(C.f. Chapter 4.1.1) and variation of: the starting material batch used, curing temperature, 
mould flexibility, sample and slurry batch scales, mixing regime, mix homogeneity, and 
formulation variables.  The only variables found to consistently affect the occurrence of 
expansion on setting of the cement was the M:P ratio and the use of finer MgO powder 
(200 Mesh).  Lower M/P ratios with 60 DBM correlated with more severe expansion, while 
formulations with 200 Mesh DBM or 60 Mesh DBM and M/Ps of ≥ 1.75 did not experience 
the issue.  These relationships were first discovered with development of formulations 5.1 
(200 Mesh DBM & M/P = 1.25) and 6.2 (60 Mesh DBM & M/P = 4) as detailed in Table 10. 
Based on the rapid setting behaviour of previously tested MKPCs containing 200 Mesh 
DBM and 5.1 (C.f. Table 10), efforts were focussed on development of MKPCs based on 
high M/P with 60 Mesh DBM.  This required balancing setting time acceptance and 
expansion resistance, leading to the consideration of 7.1 to 7.6 (C.f. Table 10) by 
2.1 4.1 7.1 
Figure 24.  Showing disc containing cement samples of three candidate encapsulant 
formulations, in order to highlight expansion behaviour encountered for lower MgO/KH2PO4 
cements.  Each sample is shown inside and out of the wasteform mould, where slurry 
levels prior to set were all below the mould lip. 
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progressively reducing the M/P from 4 and increasing retarder contents.  Hence, 7.4 was the 
first formulation with set slow enough for mixing regime completion.   
Low water contents were maintained based on the excellent fluidities exhibited by the 
cement and the desire to minimise the potential for waste corrosion.  The W/Cs were 
calculated to be slightly in excess of the theoretical water requirement for full phosphate 
reaction.  According to Equation (21), five moles of water are required per mole of KH2PO4 
for formation of the binder phase MgKPO4.6H2O.  Formulation 7.4 therefore contains a molar 
H2O:KH2PO4 ratio of 5.05:1.00.  High PFA contents were also included, due to its thermal 
insulation properties and positive PFA-strength correlations observed for the early MKPC’s 
(C.f. Chapter 6).   
Despite 7.4 remaining fluid for the duration of the 2 hour 50 min mixing period, there 
were concerns that its initial set could be < 4 h.  As a result the remaining two developed 
formulations were intended as longer set variants of 7.4.  Boric acid addition above 18% was 
expected to produce diminishing set retardation based on the compounds low solubility: 
reported as 4.72 wt.% at 20 °C [82] and 5.6 wt.% at 25 °C [83], compared to the 
11.4 to 12.3 wt.% of B used in 7.4, 7.5 & 7.6.  Therefore, increasing the W/S was considered 
the best remaining option for delaying set, due to the belief that lowering available MgO 
surface areas would cause recurrence of the expansion issue.  The final two formulations 
were designed to each have a W/S of 0.25 (compared to 0.22 in 7.4), brought about by 
reducing the PFA content and increasing the W/C ratio for 7.5 and 7.6, respectively. 
Finally, formulations 7.4, 7.5 and 7.6 were selected as three formulations for further 
characterisation and use in encapsulated U-metal corrosion trials.  This was based on 
expansion resistance, mix workability, the maintenance of fluidity for the 170 min of mixing 
and the qualitative assessment of setting times to be around 4 hours.  Therefore, the rest of 
the work described in this report concerns only these formulations, as outlined in Table 11, 
along with the handle used hereafter for convenience. 
 
  
Table 11.  The three MKPC formulations selected for further testing and uranium metal 
corrosion trials.  All three use 60 Mesh DBM and are refered to hereafrer by the "Handle" 
stated.  Key altered variables are highlighted. 
 
  W/C B PFA M/P W/P W/S 
Code Handle by wt. wt.% wt.% Molar Molar wt. 
7.4 Reference 0.44 18.0 60 1.75 5.05 0.23 
7.5 Low PFA 0.44 18.0 50 1.75 5.05 0.25 
7.6 Low Cement 0.48 18.0 60 1.75 5.51 0.25 
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5.2.4  Processing Characteristics of the Encapsulant Formulations 
5.2.4.1  Cement Flow and Bleed  
The flow table and bleed measurement data for the three selected encapsulants is 
displayed in Table 12.  All three showed good fluidities, especially, the two increased water 
(W/S 0.25) formulations.  The highest flow values were observed for the low PFA formulation 
7.5 and, as we would expect, the lowest water content formulation, 7.4 (0.23 W/S) had the 
lowest fluidity.  No bleed was measured for any of the three encapsulant formulations. 
Table 12.  Encapsulant Formulation Flow and Bleed Measurement Data: 
 
 
 Flow (mm) at time t (min)  
Formulation t = 0 t = 150 Bleed at 24 h 
7.4 560 610 None 
7.5 720 720 None 
7.6 640 680 None 
 
5.2.4.2  Cement Setting Times from Vicat Tests 
The setting time data for the encapsulants, measured as described in Chapter 4.4.2, is 
displayed in Figure 25 & Figure 26.  The setting time of the cement was compared after 
mixing the slurries for the full 170 min mixing regime (C.f. Chapter 4.3) as well as a curtailed 
regime consisting of the first 20 min of the former 170 min.  The raw vicat data in Figure 25 
shows significant differences between the MKPC setting behaviour after short and long 
mixing durations.  The cement slurries which underwent the short mixing regime exhibited 
earlier initial resistance of samples to penetration, as well as a less rapid escalation of this 
resistance to final set, compared to the longer mixed slurries. 
109 
 
 Initial and final set times were calculated (C.f. Chapter 4.4.2) from the vicat data on the 
two short-mixed and three long-mixed repeats of each encapsulant formulation.  Average set 
times calculated from these values are shown in Figure 26.  The average setting times for 
the formulations ranged between 1.90 hours and 4.27 hours for initial set, and 2.81 hours to 
5.10 hours for final set.  For both ranges, the shortest time was observed for the reference 
formulation, 7.4, after the 20 min mix, and the longest for the low cement formulation, 7.6, 
after 170 min mixing.  The period between initial and final setting times was around 1 h for all 
formulations, and generally slightly shorter after longer mixing. 
Figure 25.  Showing penetration resistance data generated from automatic vicat tests on encapsulant 
formulations after 20 min (Top) and 170 min (Bottom) mixing regimes.  The time shown is measured 
relative to the point of constituent combination, after 2.5 min mixing. 
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The length of mixing regime correlated strongly with the setting times.  The delay to 
average initial/final setting times due to longer mixing ranged between 1.05 hours to 
1.55 hours.  Mixing regime extension over 170 min was not attempted for 7.5 or 7.6, but 
observations include the onset of in-mixer setting at around 190 minutes for 7.4.  All the trials 
run met the processing acceptance criteria outlined earlier: final set occuring at < 24 hours.  
However, the only formulation which met the criteria of initial set > 4 hours is the low cement 
7.6.  After the 170 min mixing regime, 7.6 exhibited initial and final setting times of 
4.27 hours and 5.10 hours, respectively.  Finally, as expected, longer MKPC setting times 
were exhibited for the higher two W/S formulations: 7.5 & 7.6.  Of these, the low PFA 
formulation with the highest cement powder fraction of total solids exhibited faster set. 
Figure 26.  Average setting time data for the selected encapsulants mixed using short (20 min) 
and long (170 min) mixing regimes.  Errors bars represent maximum and minimum measured 
values and the time shown is measured relative to the point of constituent combination: after 
2.5 min of mixing.  The long mix-7.4-repeat 1 data was deemed anomolous and not included. 
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5.2.4.3  Cement Temperature Profiling During Setting 
Monitoring the temperature of 1L MKPC samples during setting using thermocouples 
(C.f. Chapter 4.4.3) allowed calculation of heating profiles for the three encapsulants after 
two mixing durations (20 min & 170 min).  Initial tests run with concurrent duplicate samples 
showed excellent duplicate agreement (ΔT < 1 K & ΔTMean = 0.27 K), however, the presence 
of some background temperature drift was suspected.  Subsequent tests, involving 
concurrent sample and background measurement, allowed calculation of differential heating 
profiles.  These profiles, displayed in Figure 27, show the influence of thermodynamic 
heating effects more clearly. 
The most likely source of error in this experiment is accidental variation of formulation 
variables between batches.  Duplicate samples from the same batch showed excellent 
reproducibility in initial trials, although no repeats were performed for single sample trials; 
cross-batch or otherwise.  The duplicate trial Tmax values match well with ΔTmax values from 
the single trials, but initial trial lengths were insufficient to correlate secondary local maxima. 
Figure 27.  Heating profiles for 1 L samples of the 3 encapsulants, after 20 min (Top) and 
170 min (Bottom) mixing regimes.  The time shown is measured relative to start of mixing, 
and Tbackground = 25.4 ± 2.8 °C (C.f. Section 4.4.3). 
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The temperature differences for each test started in the negative, at around -2 K, after 
which point they steadily increased to reach a global maximum at 4.2 to 6.1 hours.  Heating 
of the samples was shown to decline after this point until a second exothermic phase 
dominated, at around 30 hours, with a final decline in heating observed before 
measurements’ ended (> 160 h).  The beginning of the recorded signals also include a slight 
jump due to exposure to ambient conditions during transfer to a controlled environment.  
Maximum ΔT values recorded for each formulation were: 12.4 K (7.4), 12.7 K (7.5) and 
10.2 K (7.6). 
Comparing the heating profiles for MKPC after the two different mix lengths, no 
significant differences in initial ΔT values was observed.  However, the time taken for 
samples to reach global and local ΔT maxima did show variation with mixing duration.  The 
global maximum ΔT associated with the first peak in each test was delayed after longer 
mixing by 0.63 hours (7.4: 0.23 W/S) and 1.15 hours (7.5: 0.25 W/S, 50 % PFA).  The 
opposite effect was observed for the third formulation, 7.6 (0.25 W/S, 60 % PFA), for which 
the global maximum ΔT was hastened after longer mixing by 0.44 hours.  The breadth of this 
initial exothermic peak for short mixed tests was significantly broader than seen after longer 
mixing, reflecting a correlation between total recorded heat for this exotherm and the 
duration over which monitoring occurred.  The biggest effect of mixing time variation, 
however, was seen on the second of the temperature profiles’ exothermic peaks.  The 
second exothermic peak for all formulations occurred significantly earlier (≈ 50 h) for the 
longer mixed trials, with the less broad peaks and ΔT values approaching 0 before the end 
of the experiments. 
The low cement formulation, 7.6, consistently had the lowest peak ΔT, as well as 
showing a delayed second exothermic peak in the short mix trials compared with the other 
two formulations.  Conversely, the heating profiles for the low water formulation and low PFA 
formulations (7.4 & 7.5, respectively) generally correlated well.  The exception was a slightly 
more elevated ΔTmax for the former’s short mix profile after around 5 hours. 
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5.2.4.4  Heat of Hydration via Isothermal Calorimetry 
The heat of hydration for the encapsulant formulation 7.4 (0.23 W/S, 60 % PFA, M/P 
1.75) was measured in duplicate by isothermal calorimetry at 35 °C (C.f. Chapter 4.4.3).  The 
results can be seen in Table 13, below, along with data on the control formulations collected 
by NNL [27]. 
 
Table 13.  Isothermal calorimetry results for duplicates of formulation 7.4 and the 3:1 BFS:PC & 
PFA:PC control formulations (0.35 & 0.42 W/S, respectively) [27]. 
 
 MKPC 7.4 Controls 
 Sample 1 Sample 2 Mean 3:1 BFS:PC 3:1 PFA:PC 
Max Heat Output Rate 
/ mW·g-1 
5.95 6.07 6.01 3.2 2.1 
Time to Max Heat Output Rate 
/ H:Min 
0:11 0:14 0:13 4:12 6:00 
Total Heat at 24 Hours 
/ kJ·kg-1 
133.04 139.23 136.14 110.8 86.1 
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5.3  Analysis 
5.3.1  Choice of Initial Formulation Variables 
The starting point for formulation development in this project were formulations taken 
from literature, based on work aimed at the same application: the storage of reactive metals 
such as Uranium [6, 12].  These were designed to have low free water contents, low internal 
pH compared to PC based matrices and to meet the processing acceptance criteria outlined 
previously.  For this work, the most restrictive of these criteria was the initial set time 
restriction of > 4 h.  Set control was achieved through the use of less reactive “dead burned” 
MgO, retarder addition, using 60 Mesh MgO (a relatively large average particle size), PFA 
inclusion, and essentially, a low M/P ratio (1.25 or 1.5).  For an overview of MKPC set 
controlling factors see Chapter 2.4.3.  In contrast, setting times reported in the majority of 
early work on MKPC & MAmPC are in the order of tens of minutes for dental and rapid repair 
applications.  This is facilitated by high M/P ratios, typically around 4 or 5 [84], with values as 
high as 10-16 recommended [85].   
In continuing the development of MKPC encapsulants for uranium metal a major aim 
was to keep the M/P ratio as low as possible.  As well as being essential for set control, it 
was hoped this might reduce the internal pH, although it was recognised that alkali 
constituents of PFA could counteract this effect.  Additionally, it was postulated that the 
presence of a phosphate rich pore solution in low M/P MKPCs, due to unreacted KH2PO4, 
could allow U-metal passivation via U-phosphate formation.  Assessment of these 
possibilities follows in subsequent Chapter 8. 
 
5.3.2  Expansion Susceptibility - Formulation Relationships 
The reproducibility issues, which occurred when refabricating the low M/P ratio MKPCs 
developed though initial processing testing, have thrown into question the relevance of those 
results.  Despite this, observations from this early work have contributed to understanding 
around formulation-property dependencies.  Many such observations were corroborated in 
the subsequent high M/P formulation development work.  Perhaps the most important 
lessons to be learned are from the occurrence of the expansion effect itself. 
The factors found consistently to prevent the destructive expansion of MKPC involved 
raising the initial MgO surface available to solution.  These were: elevating the M/P ratio to 
1.75 or above and switching the 60 Mesh MgO for the finer 200 Mesh powder.  Although no 
conclusive cause of the expansion was discovered, based on the MgO surface area 
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dependence of the effect its occurrence is expected to be linked to the reaction kinetics of 
binder formation, with more rapid binder formation resulting in its reduction. 
The sudden onset of the expansion effect, without alteration of starting material batches, 
strongly suggests that it was either linked to hydration on aging or heterogeneity of the MgO 
powder.  It is suspected this entailed a shift to a lower specific surface area of the powder.  
This is supported by comparison the particle size distributions and SSA data for the three 
MgO samples, collected at the time of the problem occurrence and displayed in experimental 
Chapter 4.1.1.  Assuming the manufacturer quoted production times are correct, the clear 
shift to a higher particle size distribution observed for the older 60 Mesh sample could be 
evidence of particulate agglomeration (C.f. Chapter 4.1.1, Figure 5).  The fact that MgO 
powder restocking had no effect on expansion occurrence, was therefore unexpected.  An 
explanation for this could be that the specific surface area of the original MgO during the 
initial work was higher still than the new batch at the time of receipt.  Such batch variation 
could be due to the new batch being less fresh than claimed, or variation within the 
manufacturing process.   
The difficulty encountered in pinpointing the source of this expansion phenomenon 
proves to emphasise the importance of characterising starting material properties on receipt 
and periodically during reliant work.  With respect to MKPCs, specifically characterising the 
physical characteristics and chemically reactivity of the MgO powder.  It is suggested that 
the comparative analysis of the MgO powder on aging may have led to direct evidence of the 
expansion problem’s cause. 
 
5.3.3  General MKPC Formulation-Processing Characteristic Dependencies 
The processing work in this project showed that the MKPC formulations within the 
formulation range tested generally exhibited excellent processing properties.  The expansion 
issue in low M/P formulations is an obvious exception.  With PFA inclusion and adequate set 
control variables (Boric acid, M/P and MgO Mesh size), formulations exhibited exceptional 
fluidities and no bleed, especially considering the relatively low W/S ratios used (0.22-0.38).  
Even in formulations which exhibited set times incompatible with acceptance criteria, flow 
was observed to be good until minutes before setting.  As expected, MKPC fluidity was also 
observed to correlate inversely with W/S ratio reflecting slurry viscosities.  Further, data on 
the three encapsulant formulations show that mechanical mixing of the slurries was 
observed to affect MKPC fluidity, ultimate setting time and temperature profiles.  These 
effects are discussed in Chapter 5.3.6.   
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The boric acid retarder and PFA played a critical role in ensuring cement homogeneity.  
The absence of PFA resulted in slurries of poor workability due to settling of the dense MgO, 
an effect which produced particularly heterogeneous cement suffering from significant bleed 
and visible layering (C.f. Figure 22).  Only this formulation exhibited any bleed.  
Improvements in workability and fluidity with PFA inclusion have also been observed in PC 
based cements and is generally attributed to the increased slurry volume and a ball bearing 
interaction mechanism of the predominantly spherical PFA particles [86].  Similarly, some 
settling of MgO occurred in the absence of boric acid, causing the cement to exhibit a visible 
MgO rich bottom layer (C.f. Figure 22 & Figure 23).  This indicates that boric acid acts as a 
dispersant for MgO, keeping the powder suspended in the slurry.  The likely basis of this is 
the modification of MgO surface charge by reaction/adsorption of borates.  This observation 
therefore supports the hypothesis of Hall et al. [52] that retardation operates though 
chemisorption of B(OH4)- onto MgO surfaces.   
 
5.3.4  Striving for Acceptable Setting Times in Selected Encapsulants 
Boric acid was found to be an essential slurry constituent for set meeting the acceptance 
criteria of initial set > 4 h.  Without it, even the initial formulations based on coarser 60 Mesh 
MgO experienced set between 90 and 120 minutes (M/P 1.5 and 1.25), as shown by the 
absence of flow and qualitative touch testing.  The extent of retardation was found not to be 
limited to the aqueous solubility limit of boric acid, (4.72 wt.% at 20 °C [82]), with clear set 
extension on increasing the boric acid content from 9 % to 18 % for high M/P ratios (≥ 1.75) 
and 200 Mesh MgO formulations.  The majority of formulations combining B = 9 % and M/P 
ratios ≤ 1.25 , and all M/P ratios > 1.25 formulations tested contained more than enough 
boric acid for theoretical solution saturation.  The data does not allow comment on the 
subtler effects of increasing retarder content on initial formulations which didn’t experience 
flash or rapid setting, such as those with M/P values of 1.5 or 1.25 and utilising 60 Mesh 
DBM.  This is due to the reliance on qualitative and flow measurements and the absence of 
vicat data on these initial formulations. 
Combatting the expansion issue encountered in later work by increasing the surface 
area of magnesia available to solution made meeting set criteria more difficult.  Even utilising 
the maximum previously tested B(OH)3 content (18 wt.% of M) in combination with the 
lowest M/P found to prevent destructive expansion (1.75), the set exhibited was on the 
threshold of the outlined acceptance criteria.  This is observed in the vicat results for the 
three encapsulant formulations, 7.4, 7.5 and 7.6 (C.f. Figure 26).  Only in 7.6 with the use of 
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higher PFA (60 %), a higher W/C ratio (0.48) and an extended mixing regime (250 min) were 
setting times adherent to the acceptance criteria.  Although set times could have been 
increased by increasing the W/S ratios of these formulations, the choice was made to keep 
the water content low in order to restrict free water available for corrosion reactions in 
MKPC/U-metal wasteforms.  The W/S ratios therefore reflect an amount just above the 
theoretical requirement for full phosphate reaction (Molar W/P of 5.05-5.51). 
It was clear from flash setting that the impact of replacing 60 Mesh DBM with 200 Mesh 
in the initial formulation variants with 9 % boric and M/P values of 1.25 or 1.5 resulted in 
setting time reduction too drastic to meet the criterion.  At the time of testing even the 
equivalent formulations with 18 % boric acid were discarded due to concerns that initial 
setting times would be below 4 hours as well as favourable results from 60 Mesh 
formulations.  With hindsight, in terms of the need for higher magnesia surface areas, this 
data can be seen in a different light.  Formulations combining M/P values of around 1.5 with 
200 Mesh DBM and ≥ 18 % boric acid content, could provide an alternative approach to non-
expansive MKPCs with acceptable set.  It is therefore recommended that further testing of 
such formulations be considered for future work.   
Blending the 60 and 200 Mesh DBM powders whilst reducing M/P values below 1.75 in 
order to balance set times with increased magnesia surface area was not tried in this project 
but would be an additional option to explore in formulation development.  The main driving 
force for performing such work would be the potential benefits of maintaining lower M/P 
ratios: (i) the possibility of maintaining a lower pore pH, (ii) possible formation of uranic 
phosphates though the presence of unreacted KDP in the matrix, and (iii) reduced potential 
for expansive Mg(OH)2 formation over long time-scales. 
The average setting times for the three encapsulant formulations 7.4, 7.5 and 7.6, show 
conclusively the set extension effect of increasing the cement W/S ratio (C.f. Figure 26).  
Both 7.5 and 7.6 each have W/S ratios of 0.25 by mass, compared to 0.23 for 7.4 and both 
show longer setting times after the same mixing regime.  However, as Figure 28 shows, the 
reduction of PFA content in 7.5 means this formulation has a higher M/W volume ratio than 
7.6.  This fact is thought to be responsible for the consistently lower set times of 7.5 
compared with 7.6.  Thus, the vicat data for the three selected encapsulant formulations is 
thought to support relationships between set extension with: i) dilution of the total solid 
volume, and ii) dilution of MgO surface area with respect to the volume of water.   
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The first and most potent effect-i)-can be explained 
on the basis of heterogeneous K-struvite nucleation.  
Solid particles within the slurry are thought to act as 
nucleation sites onto which the crystalline binder phase 
grows.  It is considered in this work that flow reduction 
is a symptom of nuclei growth resulting in setting as 
interlocking and bridging of nuclei occurs.  It is 
reasoned that higher dilution of nuclei requires a 
greater degree of binder formation before particulate 
interaction results in flow reduction and eventual 
setting.  In formulation 7.5 set extension occurs relative 
to 7.4, despite having the same M/W volume ratio and 
a larger fraction of the solid volume comprising 
magnesia.  This emphasises the dominance of the W/S 
variable on set control and suggests that any tendency 
of K-struvite for preferential nucleation onto MgO over 
constituent PFA particles is slight enough to not create 
significant competing set reduction effects.  In the 
literature nucleation sites are generally considered to 
be MgO particles, but it must be recognised many of 
these reports consider PFA-free ternary MKPC 
systems [87].  The mechanism of setting and strength 
development is discussed further in Chapter 6.3.   
The quicker setting times of the cement rich 7.5 
over the cement poor 7.6 are not surprising.  The 
dominant cause is suspected to be effect ii): dilution of 
MgO surface area with respect to the volume of water, 
rather than preferential nucleation of K-struvite on 
MgO.  This is because the link between MgO surface 
area and setting kinetics is well established [1], as well 
as the evidence supplied against the existence of a 
strong preferential nucleation effect by the relative 
setting times of 7.4 and 7.5, although preferential 
nucleation of K-struvite should be assessed. 
 
Figure 28.  Illustrating the 
contents of the three encapsulant 
formulations by volume of their 
constituent starting materials.  
Where each vertical bar 
represents the total volume and 
each coloured domain the fraction 
occupied by a starting material. 
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5.3.5  General Thermal Characteristics of Set in the MKPC Encapsulants 
It is well known that setting in MKPC is overall a strongly exothermic process.  We can 
observe this by the comparison of isothermal calorimetric data (Table 13) for the MKPC 
encapsulant 7.4 (0.23 W/S, 1.75 M/P, 60% PFA) and the currently used control formulations: 
3/1 BFS/PC and PFA/PC, with W/S ratios of 0.35 and 0.42 respectively.  The MKPC 
formulation exhibits a higher total heat output over 24 hours as well as a higher peak rate of 
heat output than both control grouts.  This difference reflects the relative thermodynamics 
and kinetics of the reactions involved (C.f. Equation (21) and (41)-(43)).  The simpler and 
strongly exothermic nature of the overall neutralisation reaction, compared to the hydration 
reactions of conventional cements is likely responsible for high heat output and the short 
time to peak rate.  The existing encapsulation plant maximum output of 180 kJ·kg-1 over 24 
hours [27] is still met, but the average 136 kJ·kg-1 output of 7.4 is high enough to warrant 
extensive full-scale (2.1 m3) [27] non-adiabatic trials at the ambient temperature of the 
processing plant. 
 
Overall Reaction 
 
𝑀𝑔𝑂 +  𝐾𝐻2𝑃𝑂4 +  5𝐻2𝑂 →  𝑀𝑔𝐾𝑃𝑂4 · 6𝐻2𝑂 
ΔHr = -66.8 KJ·mol-1, ΔGr = -969.8 KJ·mol-1 [64] 
(21) 
Phosphate Dissolution 
 𝐾𝐻2𝑃𝑂4(𝑠) → 𝐾
+ + 𝑚𝐻+(𝑎𝑞) + 𝐻2−𝑚𝑃𝑂4
(1+𝑚)−
(𝑎𝑞) 
ΔHr = 19.7 KJ·mol-1 [88] 
(41) 
Low pH Initiated Neutralisation (Initiation dominant at pH < 7.2) 
 2𝑀𝑔𝑂 +  2𝐻2𝑃𝑂4
− +  10𝐻2𝑂 →  2𝑀𝑔𝐾𝑃𝑂4. 6𝐻2𝑂 
ΔHr = -147.6 KJ·mol-1, ΔGr = -112.6 KJ·mol-1 [89] 
(42) 
High pH Initiated Neutralisation (Initiation dominant at pH > 7.2) 
 𝑀𝑔𝑂 +  2𝐻𝑃𝑂4
2− +  6𝐻2𝑂 →  𝑀𝑔𝐾𝑃𝑂4. 6𝐻2𝑂 + 𝑂𝐻
− 
ΔHr = -86.6 KJ·mol-1, ΔGr = -33.6 KJ·mol-1 [89] 
(43) 
Where m = 0, 1 or 2, ΔHr is the standard enthalpy of reaction, ΔGr is the standard Gibbs energy of 
reaction and the pH dependence of the low/high pH initiated neutralisation reactions are based on 
speciation of phosphate [90].  The neutralisation reactions (Equation (42) and (43)) are based on 
evidence in other work for intermediate precipitate formation [89] and as such initiation pH does not 
reflect the pH of K-struvite formation by Equation (21).  The ΔHr and ΔGr values for the latter two 
reactions are approximations [89]. 
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For further evidence of the individual contributions to thermal properties we can 
examine non-adiabatic MKPC heat profiles (Figure 27).  The measured heating/cooling of 
the system in these experiments reflects the balance between the chemical heating/cooling 
of the slurry and heat exchange between the cement and the environment.  The rate of heat 
exchange is dependent on the material’s thermal diffusivity, which is heat capacity 
dependent, and the rate of exchange at the surface.  The rate of heat loss from a sample 
increases with the sample-environment temperature difference.  Within the sample, the rate 
of heating is dependent on the heat capacity of the material and the net rate of energy 
generation, per unit volume, by the resident reactions.  The situation is complicated by the 
fact that the measurement was not isothermal.  Feedback therefore occurred between 
chemical heating/cooling and reaction rates: due to heating the majority of exothermic 
chemical reactions self-accelerate. 
The temperature profiles show the setting reactions in MKPC to be overwhelmingly 
exothermic and all displaying two major peaks.  Although all starting ΔT values for the three 
formulations were negative (≈ -2 °C), heating of samples was immediately observed, with no 
return to negative ΔT values.  This corresponds well with the exothermic nature of the setting 
reaction for K-struvite production.  The first exothermic peak is therefore thought to reflect 
heat production by neutralisation reactions, likely similar to those hypothesised by Bourikas 
et al. [91] and shown in Equations (42) and (43).  The production of crystalline K-struvite as 
the major binder phase is confirmed by XRD identification of cement samples at 24 hours of 
age (C.f. Figure 29), while the observed increase in slurry pH up to the point of pouring 
matches the Bourikas et al. hypothesised scheme of neutralisation [91] as well as the reports 
of previous work [6, 12].  The latter is exemplified by slurry pH values for MKPC 7.4 of 5.0 
and 5.9 after 10 min and 170 min of mixing, respectively.  The failure to measure an initial 
net endothermic response due to KH2PO4 dissolution, as reported in other work [64], is 
unsurprising given the delayed measurement commencement due to slurry mixing.   
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Figure 29.  The x-ray diffraction pattern of formulation 7.4 at 24 hours of age.  Where labels offset 
directly above peaks indicate crystalline phase assignment and background removal has removed 
possible contributions from amorphous components. 
 
5.3.6  Effects of Mixing Time on Encapsulant Processing Properties 
Average set extensions observed for the selected encapsulant formulations on mixing 
extension from 20 min to the full 170 min regime (C.f. Chapter 4.2) are shown in Figure 26.  
It is clear from this data that cement mixing has a significant effect on the rate of structural 
formation and hence setting within MKPC.  As well as occurring later, the time between the 
start of setting and final set was also significantly shorter after longer mixing.  This is 
illustrated by the progress of vicat penetration curves (C.f. Figure 25), as well as lower final 
set compared with initial set extensions (C.f. Table 14). 
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Mixing duration was also observed to significantly affect the evolution of temperature 
profiles for the three selected formulations.  The effects displayed for each formulation after 
longer mixing included: a narrower first exothermic peak, a significantly hastened occurrence 
of the local maximum ΔT associated with the second exothermic peak, and narrower overall 
second peak with an earlier decay towards zero ΔT.  The nature of the first exothermic peak 
changed significantly with mixing time for each formulation.  Most significantly, a lower total 
measured heat output related to this first exotherm during the shorter measurement period of 
the longer mixed samples.  This is reflected in the ΔT integral data, shown in Table 15, 
which is lower after the longer mixing time.  This indicates that, although the initially 
measured ΔT was the same, heat was lost from the system during the extended mixing 
through chemical reaction procession.  Although the delayed set and flow reduction indicates 
mixing inhibited the formation of a larger aggregates and their bridging to result in extended 
structure and eventually matrix formation. 
Slight variation in exhibited occurrence times for the global ΔT maxima, associated with 
this first exotherm, were observed for formulations after different mixing times.  The peak ΔT 
values reflect the point at which chemical heating and environmental cooling of the cement 
are in balance.  Due to the chemical self-acceleration effects and the complex nature of 
energy loss in the non-adiabatic system, meaningful analysis of such variation could not be 
performed.  The time dependence of the second exotherm varied much more significantly 
with mixing time: The associated local ΔT maximum was hastened by approximately 50 
hours by extended mixing.  There remains, however, a lack of conclusive evidence for the 
source of this second exotherm.  One hypothesis is the pH dependent hydrolysis reaction 
between of silica and alumina: 
Table 14.  Average set extension 
observed on increasing the mixing 
time from 20 to 170 minutes, for 
three formulations. 
 
   Set Extension / % 
Formulation Initial Final 
7.4 82 51 
7.5 57 44 
 7.6 57 26 
Table 15.  Approximate ΔT 
integrals up to 30 h from the MKPC 
temperature profiles. 
   Integral (°C) 
Formulation 
20 min 
mix 
170 min 
mix 
7.4 5545 3758 
7.5 3952 3644 
7.6 4296 3517 
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Under conditions basic enough to facilitate their dissolution, oxides such as Al2O3 and 
SiO2 can act as pozzolana and undergo hydrolysis to form cementitious products with Mg2+ 
and Ca2+ cations [67, 70, 92].  This reaction is a plausible candidate for the quaternary 
Water-MgO-KDP-PFA system based on the amount and pH dependent solubility of the 
reactants present.  The cement contains, in addition to plenty of MgO, CaO present at levels 
of 2-4 % of the PFA mass and < 0.9 wt.% in the DBM (Typically 0.74 wt.%).   
Additionally, amorphous silica and has been found to be the major potential pozzolan, in 
PFA, with the majority of this constituent present as aluminosilicate glass spheres [70].  
Statistical comparison of chemical compositions of many PFA products (C.f. Chapter 4.1.1.2) 
has shown the amorphous aluminosilicate composition of the PFA used in this project to be 
61-81 wt.% to a 95 % confidence level.  This corresponds to 1.0 to 1.6 Kg per litre of mix 
water for the three selected encapsulants.   
  As shown in Figure 30, the aqueous 
solubility of amorphous silica is reported 
to increase rapidly at 0-50 °C as the pH 
increases above 9 [93].  The amphoteric 
nature of aluminium means that its phases 
tend to have minimum solubilities in 
solutions of intermediate pH.  Gibbsite for 
example has a reported minimum 
aqueous solubility at pH 6, and highest at 
extremes of pH [94].  As for silica [95], 
alumina amorphous phase solubilities are 
expected to be significantly higher than 
pure crystalline oxides.  As reported and 
discussed subsequently in Chapter 6.2, 
the upper limit for extractable pH values of 
these MKPC formulations is indicated to 
be around 10.5, the point of Mg solution 
saturation with respect to MgOH 
equilibrium dissolution/precipitation 
equilibrium.   The occurrence of gel 
product forming hydrolysis reactions 
between Si(OH)4/Al(OH)4- tetrahedra and 
hydrated Mg2+/Ca2+ ions is therefore 
considered a possibility as MgO 
Figure 30. The solubility of amorphous silica 
in water at three temperatures and as a 
function of pH, taken from literature [93]. 
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dissolution drives the cement pH into the basic region (pH > 9).  Polymeric reactions 
between alumina & silica tetrahedra may also play a role in binder phase formation, as for 
geopolymer materials.  Evidence of such reactions occurring in MKPC have been previously 
reported [96].  
Vicat data has shown MKPC structure formation and setting to be delayed by longer 
slurry mixing.  Higher pH reflects a greater degree of acidic phosphate consumption via the 
dissolution-neutralisation/precipitation reaction.  As the progress of such reactions are time 
dependent, prolonging the period of mix fluidity should produce higher internal pH values at 
the point of setting.  Therefore, based on the drastic drop in transport and reaction rates 
which cements experience on setting, early age pore pH values would be expected to be 
higher for the longer mixed samples.  It is therefore hypothesised that suitable conditions for 
formation of M-S-H/C-S-H type hydrolysis gel-products are reached earlier after longer 
mixing periods.  This hypothesis is supported by the earlier occurrence of the second ΔT 
profile exotherm in longer mixed samples.  
 
5.3.7  Encapsulant Processing Property Variation with Formulation 
The temperature profile data indicates that formulation variables affect the maximum ΔT 
values observed.  For the reference (7.4) and low PFA (7.5) formulations small and opposing 
trends in relative ΔTmax values were displayed on varying mixing time.  Repeat experiments 
to determine repeatability, ideally coupled with comparative calorimetry, would be required 
before discussing possible causes of these subtle variations.  A more pronounced and 
consistent trend is seen for the ΔTmax values of low cement formulation, 7.6, which were 
consistently the lowest.   
This can be explained with reference to the formulations’ setting times and higher 
water/PFA volume fractions when compared to 7.4 /7.5, respectively.  The heat capacities of 
fluids are higher than that of solids due to their greater inherent degrees of freedom, 
providing more pathways for energy transfer and dissipation.  The PFA contains a significant 
proportion of hollow spherical particles, providing a network of closed gas porosity within the 
cement matrix.  Cement PFA content therefore correlates with increased heat capacity of the 
matrix.  For 7.6 this is coupled with a slower average rate of heat release in the material, as 
indicated by the longer setting time and thus slower overall rate of reaction.  Thus, we 
observe lower maximum ΔT values for the relatively PFA rich, water rich & longer setting 
formulation: 7.6.   
The broader shape of the first 7.6 peak in the shorter mixed trial also serves to 
exaggerate its possible consistence of a combination of exotherms.  This could indicate 
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distinct contributions from i) the precipitation of acidic phosphate intermediates such as 
MgHPO4·7H2O and Mg2KH(PO4)2·15H2O, and ii) their dissolution and re-precipitation of 
phosphate in the orthophosphate form of MgKPO4·6H2O, as reported in other work [89].  
 
5.4  Conclusion 
In this initial examination of MKPC processing properties three promising encapsulant 
formulations have been developed.  The formulation development process, based on earlier 
work [6, 12] encountered reproducibility issues: deleterious expansion of low M/P cement 
samples coupled with the presence of white inclusions and coatings on the cement.  This 
issue was thought to be caused by low available MgO surface area with respect to the 
amount of water and phosphate, due to the absence of expansion on increasing the surface 
area of MgO used in the MKPC.  However, conclusive evidence of the problem source was 
not found.  Quantitative investigation efforts were impaired by the failure to characterise fully 
the chemical and physical characteristics of the MgO powder on receipt.  No further 
reproducibility or expansion issues were encountered in the subsequent work on higher 
magnesia MKPCs.  Despite this, full determination of the chemical and physical processes at 
the root of the deleterious expansion, and related compositional tipping-points, must be 
carried out before true confidence in MgO-KH2PO4-H2O based systems can be established. 
In general MKPC processing properties were found to be favourable for waste 
encapsulant applications when compared to currently used control grouts (3:1 BFS/PC & 
PFA/PC).  By utilising a quaternary system with the inclusion of PFA at > 25 % and with 
adequate set control measures, MKPC fluidity was found to be exceptional and bleed 
absent.  Good infilling of waste and minimisation of void volume is therefore expected from 
MKPC macro-encapsulation, even at low W/S ratios.  Both fluidity and set of MKPC 
responded to W/S ratio, with the minimum proven W/S values of this work corresponding to 
the theoretical molar W/P ratio of 5.  The inclusion PFA and boric acid components were 
found to improve MgO suspension, with PFA found essential for mix workability and uniform 
setting.  Finally, the use of finer 200 Mesh in place of 60 Mesh MgO resulted in drastic set 
reduction to levels potentially undesirable for waste encapsulation materials.   
The progression to higher M/P ratios in order to develop expansion resistant MKPCs 
produced a shift to shorter setting times which may warrant re-examination of 200 Mesh 
formulations.  This need for higher MgO surface areas created a more restrictive variable-
space for development of formulations and made meeting set acceptance criteria a 
challenge.  Of the variables known to affect set, increase of W/S ratios was not utilised as a 
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result of prioritising corrosion restriction properties of the matrix over the importance of set 
criteria.  The developed encapsulant formulations therefore included the upper bounds of 
other set dependent variables: high boric acid content (18 %), high PFA content (50 or 60 %) 
and extended mixing periods for set control.  Each remained fluid for mixing over 2 h 50 min 
and set before 24 h, but only formulation 7.6 was able to meet the criteria of initial set > 4 h  
The three formulations selected to be taken forward for extensive testing and corrosion trials 
were therefore defined as follows: 
7.4 M/P = 1.75, W/C = 0.44, Boric acid = 18 wt.% (of MgO), PFA = 60 wt.% (of 
H2O+MgO+KH2PO4), 
7.5 Same as 7.4 but with PFA = 50 % (of H2O+MgO+KH2PO4), 
7.6 Same as 7.4 but with W/C = 0.48. 
A more detailed examination of setting time dependencies was undertaken with these 
selected encapsulants.  Vicat data for the encapsulants shows W/S volume ratio as the 
dominant set-dependent variable over M/S volume ratio and indicates that any effects due to 
increased M/S such as preferential nucleation of binder onto MgO particles are relatively 
weak.  The duration of the mixing regime was also found to influence both thermal properties 
and set of MKPCs.  Increasing encapsulant mixing times from 20 to 170 min was found to 
influence setting times significantly, causing at least an hour extension in average initial and 
final times.  Hence, the meeting of set criteria only occurred in 7.6 after the longer length 
mixing regime. The effect of mixing sheer on setting was not examined.  However, the fact 
that control grout fluidity measurements from NNL were higher after mixing regimes 
including high-sheer periods, suggest high-sheer mixing could extend set in MKPC. 
The heat of setting of the MKPC encapsulants was shown to be exothermic, with the 
average total heat value of 7.4 at 24 h (136 kJ·g-1) higher than those of the control grouts but 
within plant acceptance limit (180 kJ·g-1).  The early-age temperature profile of MKPC was 
shown to consist of two exotherms, the first of which is shown by XRD to be due to the 
K-struvite forming neutralisation reaction.  Delayed secondary reactions are indicated by the 
discrete second exotherm, the time-dependence of which was shown to vary with mixing 
time.  This may suggest the occurrence of Mg/Ca-Si/Al hydrolysis reactions dependent on 
the evolution of matrix pH; the extent and rate of which is linked to the setting time of the 
material.  Finally, the lowest degree of heating was exhibited, as would be expected based 
on starting material heat capacities, by the high PFA with high W/S formulation: 7.6.   
The reassessment of acceptance criteria applicability, developed for PC based systems, 
to MKPC is strongly suggested based on fundamental differences in the behaviour of the 
systems (e.g. relative fluidities).  Particularly with respect to the initial set requirement 
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(> 4 h), which was found particularly restrictive.  If the set criteria are deemed appropriate, 
then further work should be aimed at extending set in these encapsulants.  Alternative 
approaches to achieving slower setting MKPCs whilst maintaining high MgO surface area 
could include using: i) blended 60/200 Mesh DBM, ii) 200 Mesh DBM with high boric acid 
content but low molar M/P ratios (< 1.75), or iii) increasing the W/S ratio of encapsulants.  
However, the latter is expected to worsen corrosion characteristics of the resultant 
wasteforms.  This should go hand in hand with work aimed at determining the source and 
variable thresholds for deleterious expansion of low M/P MKPCs. 
To summarise, three encapsulant formulations have been selected based on the 
processing property testing, industrial acceptance criteria and corrosion minimisation 
rationale.  The extensive testing of these formulations is described in subsequent work 
characterising their fundamental properties and the corrosion behaviour of uranium metal 
encapsulated within.   
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6  Magnesium Potassium Phosphate Cement Property 
Variation with Formulation & Ageing 
6.1  Introduction 
This chapter examines the evolution of MKPC properties with formulation variation and 
ageing of the cement in order to better understand the chemical and physical nature of the 
material.  Particular focus was paid to aspects of cement properties pertaining to durability 
and corrosion performance, as dictated by the intended application.  The work covered first 
in this chapter involved the initially selected formulation suite and occurred concurrent with 
the processing property testing (Chapters 5.2.1 through 5.2.3).  Later work was directed at 
testing the three selected encapsulant formulations (C.f. Chapter 5.2.3).   
 
6.2  Results 
6.2.1  The Influence of Formulation Variables on MKPC Property Evolution 
The monitoring of MKPC characteristics with age was undertaken for a selection from 
the initial MKPC formulation suite (C.f. Chapter 5.2.1.), concurrent with the assessment of 
processing properties (C.f. Chapter 5.2.2.).  This was performed in order to understand the 
influence of formulation variables on the cement characteristics and ensure minimum 
durability criteria were met.  The selection of formulations tested comprised the single 
variable alterations of the initial formulation, 2.1: formulations 2.3, 2.5, 2.6, 2.7, 2.8, 2.9, 
2.10, 2.11, 2.12, 2.13 and 3.1 (C.f. Table 3).  The testing included use of CS, XRD and 
fracture surface SEM techniques following the methods and sequence outlined in Chapter 
4.5.3.1.  Where possible, CS testing was performed at 1, 7, 28 and 180 days, XRD at 7, 28 
and 180 days and fracture surface SEM at 7 and 28 days.  Exceptions to this were the 
testing of formulations 2.11 and 2.1.  Testing of 2.11 only involved XRD at 7 days of age due 
to the layering of the samples prohibiting CS testing.  Finally formulation 2.1 underwent 
DTA/TG analysis at 180 days in addition to the techniques mentioned.   
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6.2.1.1  Compressive Strength (CS) 
Compressive strength (CS) testing of the varied formulations was the first testing 
undertaken and provided some of the clearest insights into the formulation-property 
relationships of MKPC.  The CS values shown and discussed subsequently are batch 
averages for each formulation at each testing age.  The stress-strain curves obtained for 
individual samples show evolution from plastic to brittle deformation as the cement 
strengthens with age. The difference between the two modes of deformation is shown 
clearly in Figure 31. 
The cement CS values improved with age for all formulations, as illustrated in Figure 32 
for the varied W/C formulations.  The CS data collected can be seen in full as averages with 
associated standard deviation y-error bars in Figure 33.  Average CS ranges for the differing 
formulations were 0.29 - 9.47 MPa at 1 day, 2.85-16.60 MPa at 7 days, 2.73 - 33.67 MPa at 
28 days and 9.9 – 62.2 MPa at 180 day of age.  No formulation was found on ageing to 
exhibit reduced strength outside of standard deviation ranges, although overlap of these 
ranges was frequent.  In later work the number of repeat tests performed was increased 
from an average of 4 to an average of 12 with an aim to achieving a random error as close 
as possible to that of the variable population.   
  
Figure 31.  Stress-strain curves from CS testing 
of MKPC at 1 and 28 days of age (formulations 
2.8 and 2.13, respectively) found to typify the 
evolution of deformation behaviour from plastic 
to elastic-brittle. 
Figure 32.  Strength (CS) measurements against 
cement age for three cement formulations: 2.1, 2.5 
and 2.6 with W/C values of 0.54, 0.38 and 0.46, 
respectively.  Lines are shown to guide the eye only. 
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Figure 33.  Showing CS verses composition variables for single variable alterations of formulation 2.1 at 
ages up to 180 days.  Where variable definitions can be found in Section 4.2., ages are accurate to 
± 5 %, samples were cured at 25.4 ± 2.8 °C, and formulation 2.1 = 60 Mesh DBM, M/P 1.5, 50% PFA, 
9% B, 0.54 W/C.  Finally, the variant formulations (2.3, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.12, 2.13 and 3.1) 
are described in full in Table 9. 
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The most rapid strengthening occurred in the first 7 days of age, although significant 
strengthening of the material between this point and 180 days is shown to occur (C.f. Figure 
32).  It should be noted that the potential for a systematic negative error in CS values 
increases with the brittleness of the material, in this case correlated with ageing.  As the 
deformation mechanism shifts from plastic to brittle, the negative impact of an imperfectly flat 
or horizontal loading surface increases.  As a result, some of the increase in strength from 
28 to 180 days may be due to improved sample preparation skills for brittle samples. 
The average CS–formulation plots shown in Figure 33 clearly show positive correlation 
of CS with boric acid content and MgO fineness.  Negative correlation of CS with W/C and 
M/P ratios were also observed.  The effect of lowering the W/C ratio was particularly 
pronounced, producing the highest measured CS of 62.2 MPa at 180 days for the 0.46 W/C 
2.5.  Consequences of the M/P variation results should be understood in the context of the 
reproducibility issues encountered with low M/P MKPCs.  Finally, a non-linear CS–PFA 
content correlation was exhibited which contributed to the use of high PFA contents 
(50/60 %) in encapsulant formulation development. 
 
132 
 
6.2.1.2  Composition by X-ray Diffraction 
The XRD measurements performed after CS testing showed remarkably consistent 
results.  The same four phases were identified in all formulations at all testing ages (7, 28 
and 180 days).  These were: K-struvite (MgKPO4·6H2O), periclase (MgO) and lower 
intensity silica phases of quartz and mullite.  These are illustrated for 2.1 at 189 days by the 
offset peak labels in Figure 34.  Additionally, comparisons of XRD patters for two different 
formulations and across all ages for a single formulation can be seen in Figure 35.  Similar 
figures containing the XRD data of the remaining formulations can be found in Appendix 2.  
The absence of KDP peaks is notable, indicating that negligible amounts of the undissolved 
crystalline reagent were present, even in the 0 % PFA formulation (2.11) which exhibited 
severe vertical layering due to extremely poor slurry workability. 
 
Figure 34.  Showing the 189 day x-ray diffraction pattern of formulation 2.1.  Signal intensities are 
in units of counts·sec-1 on a linear scale and significant peaks are labelled. 
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Figure 35. The X-ray diffraction data of formulations 2.11 (0 % PFA) & 2.12 (25 % PFA).  Signal 
intensities are in units of counts·sec-1 on a linear scale and with significant peaks are labelled. 
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It was hypothesised that relative peak intensities of MgO and K-struvite phases could 
provide a semi-quantitative metric for reaction progress, as indicated by lower relative 
intensities of periclase peaks.  However, seemingly random variation was instead generally 
observed.  This is exemplified in the 2.12 XRD evolution shown in Figure 35.  The 
randomness of relative peak heights was thought to be due to the use of insufficient 
sampling volumes relative to the degree of cement heterogeneity.  Efforts to correct this 
were made in encapsulant testing by using very large sampling volumes (> 16 cm3).  An 
additional feature of all measured patterns to note is the presence of a hump in the scan 
background at 2θ value of between around 28 to 35 °.  The presence of this effect even in 
the PFA absent 2.11, indicates that it is not solely due to amorphous components of PFA.  
Finally, an assessment of effects of the solvent quenching technique was undertaken.  
However, as no systematic evolution of the cement XRD patterns with age was exhibited 
there was no metric against which to measure the technique. 
 
6.2.1.3  The Microstructure of Fracture Surfaces 
The fracture surface SEI micrographs taken of the initial formulation suite show the 
MKPC microstructure to generally consist of filler particles embedded within a matrix of 
crystalline morphology.  Micrographs of formulation 2.1, selected to display this general 
Figure 36.  Showing SEI micrographs of cement fracture surfaces, for 
formulation 2.1 at 7 (left) and 28 (right) days of age. 
20µm 50µm 
10µm 10µm 
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microstructure of MKPC are shown in Figure 36.  The matrix was generally observed as 
layered and interlocking plate-like crystallites.  The embedded filler particles can be 
assumed to consist of the PFA and unreacted MgO particles.  Many spherical particles are 
identified as PFA cenospheres by their highly regular geometry.  However, due to the range 
of particulate morphologies observed with the PFA, distinguishing MgO particles by visual 
appearance alone was not possible.  An EDX study of later developed formulations allows 
further clarification of the structural features of the cement in Chapter 6.2.2.5.   
 
Figure 37.  Fracture surface micrographs (SEI) illustrating common features of MKPC microstructure.  
Micrographs (a) & (b) show the radial orientation of crystallite plates, (c) & (e) cement macro-porosity and 
associated filler-free crystalline microstructure, (b) & (d) the layered structure of crystal plates, and (d) & (f) 
micro-porosity within matrix plates.  The micrographs were of the following samples: 2.12 at 7 d for (a), 3.1 at 
8 d for (b) & (d), 2.13 at 29 d for (c) & (e), and 2.1 at 28 d for (f). 
(a) (b) 
(c) (d) 
(e) (f) 
50µm 10µm 
100µm 2µm 
500µm 2µm 
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Comparison of micrographs at the two ages (7 & 28 d) in Figure 36 illustrate the 
densification of the cement fracture surface on ageing: from more granular fragmented 
surfaces to a more dense and clean-sheared surface.  This trend was observed for all of the 
tested formulations and is thought to indicate both a higher strength in older samples and a 
denser matrix prior to fracture.   
Within the context of this general microstructure many diverse features were observed.  
This indicates a diversity of chemical and physical conditions producing a variety of matrix 
formation and crystal growth environments.  These factors are common to cementitious 
materials in general due to mix heterogeneity, and certainly to be expected across a 
formulation suite with such varied compositions.  Despite this, common features were 
observed across all the formulations within the described general matrix microstructure.  
These included: (i) macro- and micro-porosity within the material, (ii) highly crystalline 
filler-free regions of the matrix, (iii) matrix regions clearly showing plate-like layered 
crystallites and (iv) the radial orientation of crystallites.  These features are exemplified in 
Figure 37.   
We can divide these features into those which relate directly to the binder matrix and 
features related to large inclusions.  In so doing, two features stand out as the latter, i.e. 
incongruous microstructural regions within the material.  These are: macro-porosity and 
highly-crystalline filler-free regions.  Both occur with similar scales, having cross-sectional 
diameters of around > 50 µm, and in many micrographs, as in Figure 37 (c) and (e) above, 
these two features are seen adjoining one another.  Crystalline regions were often observed 
protruding from within macro-pores.  As a result of this evidence it is likely the occurrence of 
the two are linked.   
Contrastingly, micro-pores with diameters of around < 3 µm were present within 
individual crystallites.  The qualitative evidence supplied by this fracture surface SEM study 
suggests that some degree of micro-porosity, radial crystallite orientation and layered 
plate-like crystallite morphology extends throughout the MKPC microstructure of the 
examined formulations.  There are thus four potential sources of porosity observed in the 
micrographs: macro-porosity, hollow PFA cenospheres, micro-porosity and phase interfaces. 
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In observations relating the failure of the material 
under compression, cracking generally occurred 
around PFA cenospheres as indicated by the almost 
total absence of sphere fragments.  Cracks spanned 
micro-porosity in crystallites and were diverted along 
plate boundaries, as seen in Figure 37 and Figure 38 
(d).  It has been reported that amorphous analogues 
of K-struvite exist and occur at the crystallite 
interfaces within the polycrystalline structure of MKPC 
[87].  In this work clearly distinct amorphous and 
ubiquitous binder phases were not observed, although 
TEM analysis of the cement was not performed.  
Finally, making even qualitative correlations between 
cement microstructure and formulation was not 
possible due to the diversity of features observed in 
the micrographs.  
  
Figure 38.  An SEI micrograph showing matrix 
plates exhibiting cracks spanning 
micro-porosity, in formulation 3.1 at 28 days. 
10µm 
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6.2.1.4  Composition by Thermal Analysis (DTA/TG) 
The concurrently measured DTA and TG signals from the heating of a sample of 2.1 at 
189 days are displayed in Figure 39 against those of the synthetic K-struvite phase (pure 
MgKPO4·6H2O).  The major DTA endotherm between around 90 and 250 °C coincides with 
the only significant mass loss of the TG curve.  All reasonable measures were taken to keep 
the stored samples dry after solvent quenching.  Therefore, there is confidence that the 
significant observed mass losses are due to physical processes coupled with chemical 
phase transitions, rather than unbound water evaporation.   
The percentage mass losses between 25 and 500 °C for the 2.1 and pure phase 
samples were -22.86 % and -41.90 %, respectively.  The latter correlates well with the 
theoretical mass change of -41.57 % upon loosing 6 moles of water from MgKPO4·6H2O.  
This evidence supports a -22.86 % mass loss from MKPC 2.1 due to the dehydration of the 
binder phase, K-struvite.  As a result of this conclusion, this technique was used to calculate 
the extent of reaction in MKPC encapsulant samples (C.f. Chapter 6.3.2). 
  
Figure 39.  A comparison of DTA-TG data for the heating of formulation 2.1 and pure, synthesised, K-
struvite.  The heating rate used was 10 °C·min-1 under an Argon flow and the sample was quenched 
and dried before testing, and both samples were stored in dry environments under reduced pressure 
of around 10-2 atm (C.f. Section 4.5.3). 
Key: 
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6.2.2  Encapsulant Property Development with Ageing 
The three encapsulant formulation were tested at ages up to 365 days in order to 
characterise the evolution of their fundamental chemical properties.  This was carried out 
according to the testing scheme outlined in Chapter 4.5.3.2, the results of which are 
discussed in this section. 
 
6.2.2.1  Mechanical Properties 
The three encapsulants all exhibited impressive strength, with values as high as 
72.5 ± 9.9 MPa measured for the lowest W/C formulation, 7.4.  The CS data summarised in 
Figure 40 supports correlations observed in the initial formulation variation study, including 
the rapid strengthening of the cement within the first 7 days and the continued evolution of 
strength up to 180 days.  No significant strengthening was measured between 180 and 
380 days, suggesting the ultimate CS of the material was reached by 180 days.  The 
ultimate CS of the cements, calculated from averaging 180 and 380 day data, were 
71.7 ± 8.5 MPa, 61.7 ± 6.5 MPa and 57.7 ± 7.1 MPa for 7.4, 7.5 and 7.6, respectively.  
  
0
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Figure 40.  Unconfined compressive strength verses age for the three selected MKPC 
encapsulants.  Mean test values are plotted with standard deviation y-error bars. 
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The CS value error ranges of the three formulations often overlap, as might be expected 
based on the relatively subtle differences between them.  Despite this, evidence of a 
negative correlation between W/C and cement strength is present: Consistently lower early 
age CS values for the high W/C, low cement formulation (7.6). 
Elastic modulus measurements of the three formulations at ages between 229 and 
679 days are shown in Figure 41.  The maximum and minimum measured values were 
23.68 GPa and 18.01 GPa for formulations 7.4 (679 d) and 7.6 (546 d), respectively.  These 
sample values, along with those represented in Figure 41, all had associated standard 
deviations of < 0.07 from averaging 5 individual measurements.  Excellent agreement 
between the six 7.4, 679 d, samples (mean ± standard deviation, 23.55 ± 0.15 GPa) also 
indicates low intra-batch variability.   
The data does however show significant variation between different aged samples of the 
same formulation.  This is thought to be explained by inter-batch experimental error.  Based 
on compressive strength data, it is likely that the cements reached ultimate mechanical 
properties by around 180 days; prior to the occurrence of any of these measurements.  
Hence, inter-batch averages utilising all the gathered data may provide more representative 
elastic modulus values.  These are 21.41 ± 2.07 GPa, 19.43 ± 0.96 GPa and 
19.87 ± 2.64 GPa for formulations 7.4, 7.5 and 7.6, respectively.   
  
Figure 41.  A plot of sample-average elastic modulus verses age for individual samples of the three 
encapsulant formulations, as measured by impulse excitation (C.f. Section 4.5.3.9).  Error bars are 
not shown as all measurements had associated standard deviations of < 0.07.  Samples were 
cured at 25.4 °C ± 2.8 °C and all samples originated from different batches, with the exception of 
the 6 samples of formulation 7.4 tested at 679 days.  
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6.2.2.2  Dimensional Stability 
The dimensional stability results, displayed in Figure 42, show MKPC to exhibit rapid 
expansion over a short initial period.  This expansive period lasted around 7 days for all 
samples, with the exception of 7.4-2 for which it was an order of magnitude longer.  
Contraction was then displayed by each sample, continuing for the rest of the measurement 
period, with the rate decreasing with ageing.  For three of the samples this produced a net 
negative dimensional change.  Excluding the anomalous sample (7.4-2), the range of 
measured dimensional stability values for reference (7.4), low PFA (7.5) and low cement 
(7.6) formulations were +1437 to -157, +1028 to -962 and +1928 to -54 microstrains, 
respectively. 
Sample 7.4-2 was considered anomalous due to its exceptional initial dimensional 
stability behaviour.  In contrast, duplicate behaviours for formulations 7.5 and 7.6 matched 
well in terms of trend, if not magnitude.  Magnitude differences are likely due to slight 
variation in the time of the reference measurement, or to inter-batch composition variations.  
The suggestion of the former is based on the knowledge that the cement undergoes initial 
rapid expansion.  Therefore, a difference of minutes between initial measurement points 
could significantly shift the reference length.   
Figure 42.  Dimensional stability measurements for duplicate samples of the three encapsulants.  
Samples were wrapped to prevent loss/gain of moisture and cured at 25.4 °C ± 2.8 °C.  For the full 
methodology see Section 4.5.3.10. 
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6.2.2.3  Phase Development (XRD) 
The x-ray diffraction data for the three encapsulants on ageing showed the major 
crystalline component of MKPC to be K-struvite (MgKPO4·6H2O), as seen in previous work 
[12].  This data is summarised in Figure 43 (7.4), Figure 44 (7.5) and Figure 45 (7.6).  
However, as the patterns measured at all ages >1 day are near identical, only comparisons 
between 1 and 365 day measurements are shown.  The full suite of XRD patterns can be 
seen in Appendix 2.   
The K-struvite phase was detected in all formulations at all ages, along with intense 
MgO diffraction peaks and minor peaks associated with the SiO2 phases of quartz and 
Mullite.  No peaks due to brucite (Mg(OH)2) were observed in any of the patterns.  The 
crystalline phase composition at ages above 3 days was therefore shown to be the same for 
both the encapsulant and initial formulations (C.f. Chapter 6.2.1.1).  Additionally, no clear 
variation within XRD data was displayed between the encapsulant formulations, irrespective 
of sample age.   
The only significant points of XRD variation observed were between 1 day and later age 
measurements.  At 1 day the K-struvite contribution was present at significantly diminished 
intensities and small peak contributions matching KH2PO4 diffraction were visible, while 
peaks due to the second major reactant MgO were particularly apparent.  Additionally, a 
slightly more pronounced background hump around the 18 – 40 °2θ range was observed in 
the 1 day measurements compared to those at older ages:  A suggestion of an enhanced 
amorphous contribution within the cement at this age.   
The conspicuous absence of boric acid and the reported boron containing compound, 
luneburgite, in all the XRD data even at 1 day is emphasised by the absence of peaks at °2θ 
values of 10.7 (boric acid, 2nd most intense) and 17.9 (luneburgite, most intense).  Other 
major peaks for the two phases overlap with busy regions of the K-struvite pattern.  No 
crystalline boron containing phases are identifiable by XRD, supporting the presence of 
significant amorphous components within the material. 
The crowded nature of the MKPC diffraction patterns is due to the degree of asymmetry 
within the K-struvite unit cell.  It is worth noting that this increases the likelihood of obscuring 
smaller crystalline and amorphous phase contributions compared to systems comprising 
crystalline phases more symmetric in structure.  This caused particular problems with 
respect to identifying the presence of an amorphous hump at the 18 – 40 °2θ range 
mentioned for samples > 1 day old, due to the overlapping of intense-peak bases.   
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Figure 43.  X-ray diffraction patterns of formulation 7.4 measured at 1 and 384 days.  For clarity, the 
bottom image expands on the most complex part of the two patterns. Peak labels are shown offset 
above major peaks. 
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Figure 44.  X-ray diffraction patterns of formulation 7.5 measured at 1 and 388 days.  For clarity, the 
bottom image expands on the most complex part of the two patterns. Peak labels are shown offset 
above major peaks. 
 
145 
 
  
Figure 45. X-ray diffraction patterns of formulation 7.6 measured at 1 and 378 days.  For clarity, the 
bottom image expands on the most complex part of the two patterns. Peak labels are shown offset 
above major peaks. 
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6.2.2.4  Extractable pH 
Overall, extractible pH values for the three formulations show an increase in basicity on 
ageing between the earliest (1 d) and latest measurement ages, as shown in Figure 46.  All 
1 day measurements support the same W/S-pH trend exhibited by formulation 7.4 at ages of 
≤ 28 days: pH values for W/S of 1:1 < 200:1 < 50:1.  The 90 day formulation 7.4 data 
demonstrates a degree of discontinuity with the overall evolution observed.  Along with poor 
duplicate agreement this could indicate a significant source of error at this testing point, 
flagging it as potentially anomalous.  Despite this, 180/365 day measurements for each 
formulation indicate a convergence in ultimate pH values at the three mixing ratios.  These 
same measurements suggest ultimate pH ranges for cements to be between 9 and 11.  It 
should be noted that duplicate tests used powder from the same ground and mixed powder 
batch.   
  
Figure 46.  Showing extractible pH data at W/S ratios of 1:1, 50:1 and 200:1 for the 
three encapsulant formulations.  Results shown are the average of duplicate 
measurements, with standard deviations shown by y-error bars, or in the case where 
one duplicate was destroyed, a solid data point.  For the full methodology see 
Section 4.5.3.4. 
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6.2.2.5  Electron Microscopy Summary 
The electron microscopy techniques of SEI, BEI and EDX were utilised on both fracture 
and polished surfaces of encapsulant samples in order to characterise their microstructure.  
The general microstructural features observed in the three encapsulants matched those 
exhibited by the cements of the initial formulation suite.  However, in this case the 
combination of BSI and EDX on polished surfaces was found to provide the clearest 
Figure 47.  Showing, on the left and all at the same low magnification, BSI micrographs of formulation 7.4 
samples at 1, 8 and 384 days, and on the right Si/Mg/K elemental EDX maps for the same 1 day micrograph.  
Samples were intruded with resin (C.f. Section 4.5.3.7) to show porosity as dark grey/black areas. 
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overview of the diverse features encountered.  The general heterogeneity of the cement is 
illustrated in Figure 47. 
In each micrograph we observe a material consisting of a light grey and ash sphere 
embedded binder matrix within which distinct regions exist: dark grey/black macro-pores and 
near-white PFA-free crystalline regions, both tens to hundreds of microns in diameter.  The 
EDX maps associated with the 1 day image in Figure 47 serve to clarify these identifications.  
The Si map shows Si-containing ash particles evenly distributed throughout the binder 
matrix, whereas the Mg map clearly highlights unreacted MgO grains and clumps as well 
defined high intensity regions.  Silicon-poor areas correspond with both resin-filled pores, as 
well as PFA-free crystalline regions.  A comparable PFA-free matrix region seen under a 
fracture surface is shown for 7.6 at 1 d in Figure 49.  A striking difference in morphology 
between the surrounding matrix and pseudo-spherical and PFA-free crystallite bundle is 
observed. 
  
K 
Si 
Figure 48.  Showing macro-pores filled to differing degrees with PFA-free crystalline 
structures, with BSI micrographs above corresponding K and Si maps.  The samples 
shown are 7.4 at 1d (left) and 7.6 at 90 days (middle and right). 
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An overall impression of the polished surface microscopy was that the PFA-free 
crystalline regions were more prevalent and the macro-pores less prevalent in the 
micrographs on ageing, although this was not quantified.  Comparison of 1 day with later age 
micrographs in Figure 47 provides an example of this point.  Further exhibited evidence of 
linking between the presence of macro-porous and PFA-free regions within the cement were 
the various stages of filled macro-porosity, as illustrated in Figure 48.   
In general, qualitative differences in fracture 
surface morphology with age were slight and hence 
hard to define.  There was however significant 
difference between the 1 and 380 day fracture 
surfaces of the encapsulants, as illustrated by 
Figure 50.  In the 1 day surfaces the matrix was 
seen to comprise of sparingly connected near–
spherical particles, as opposed to the dense 
particle embedded matrix observe at 380 days.  
Some of the particles seen in the 1 day surface 
show a layer stripped away by cracking to expose 
the particle beneath.  The cracks themselves seem 
slightly less regular than that observed at 380 days, 
which could suggest a lower degree of crystallinity 
of the binder phase at 1 day. 
  
Figure 50.  Showing 1 and 378 day fracture surface BSI micrographs of formulation 7.6. 
Figure 49.  Showing a crystallite bundle embedded 
within the matrix of formulation 7.6 at 1 day of age. 
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This same overall microstructure was observed for all three encapsulants, (C.f. Figure 
51).  No qualitative difference was observable between microstructures on any scale with 
formulation.  Similarly, no variation was observed in the binder matrix microstructure on the 
micron scale with age.  At this scale the PFA and MgO embedded binder matrix contains 
significant cracking, as seen in Figure 51, some degree of which is likely to be due to the 
stresses the surfaces were exposed to during sample preparation.  This is the reason 
attributed to the lack of clearly visible intra-crystallite micro-porosity in polished surface 
micrographs.  Micro-porosity was apparent in sample fracture surfaces under SEM, as well 
as the layered plate-like and crystal morphology of the binder matrix, which is not clear from 
Figure 51.  Back scattered electron low (Top) and high (Bottom) magnification surface micrographs of 
formulations 7.4 (384 d), 7.5 (385 d) and 7.6 (378 d) from left to right, respectively.  Samples were intruded 
with resin (C.f. Section 4.5.3.7) to show porosity as dark grey/black areas. 
 
10 µm 
 
500 µm 
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polished-surface micrographs.  The illustration of these two features in the initial formulations 
(Chapter 6.2.1.3, Figure 37 and Figure 38) is not duplicated here for the encapsulants due to 
the matching nature of the phenomena. 
Point EDX analysis provided a semi-quantitative assessment of the matrix phase 
compositions, as seen in Figure 52, Figure 53 and Figure 54.  The heterogeneity of the 
matrix, even on a micron scale, removed the possibility for fully quantitative analysis due to 
likelihood of phase overlap within the electron interaction volume.  It is also thought the most 
likely reason for mixed Silicon/Phosphate point compositions.  Carbon content was ignored 
as it was found as a contaminant across the surface of the sample due to the use of resin, 
and boron detection was also judged unreliable due to the overlap between carbon and 
boron x-ray energies.   
An example of the use of EDX point analysis to examine microstructural phase 
composition is shown in Figure 52.  The sample in question was of formulation 7.5 at 1 day 
of age, and a systematic comparison of EDX point analysis with age or formulation were not 
undertaken.  Although, most samples were examined by this technique the results are 
compared qualitatively.  The analysis supports identification of sites 5 and 6 as mixed Si/Al 
oxide spheres (PFA) while sites 1 to 4 are identified as phosphate phases with 
stoichiometries similar to K-struvite (MgKPO4·6H2O), the XRD identified major product.  
Although the oxygen content fluctuates, possibly as a result of experimental inaccuracy, the 
potassium content is shown to be consistently sub-stoichiometric when compared to that of 
K-struvite. 
Figure 52.  A polished surface micrograph (BSI) of formulation 7.5 at 1 day, with tabulated atomic ratios 
from EDX point-analyses at purple labelled sites.  Implied water stoichiometries, assuming the PO4 form 
of phosphate, are included for sites with only Mg, P, K and O detection. 
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Analysis of matrix embedded MgO grains by EDX techniques provides some interesting 
observations on variation of the surrounding matrix composition.  Figure 53, showing an 
MgO grain embedded in the polished surface of formulation 7.5 at 365 days, serves to 
illustrate these observations.  The comparison of the top-most image with the associated K 
and P elemental maps implies a K-poor halo of binder phase surrounding the MgO grain 
when compared to the general matrix structure.  EDX point analysis of the higher 
magnification micrograph, shown in the same figure, evidenced the same phenomenon: 
measured compositions at near-grain sites (3 & 6) have significantly higher M/K ratios than 
those of far-grain sites (4 & 7), or those recorded in other regions/samples such as that of 
Figure 53.  Two polished surface micrographs (BSI) of the same site of formulation 7.5 at 365 days, with 
associated EDX data.  Shown are key EDX elemental maps for the top micrograph, and tabulated atomic 
ratios from point-analyses at purple labelled sites for the bottom micrograph.  Implied water stoichiometries, 
assuming the PO4 form of phosphate, are included for sites with only Mg, P, K and O detection. 
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Figure 52.  Additionally, the overlaid Mg and Si maps serve to expose a PFA-free region 
around the MgO grain with a thickness in the order 10 micron or less. 
This same phenomenon was observed across all three encapsulant formulations and at 
multiple ages.  A second example, this time exhibited by formulation 7.4 at 365 days, is 
illustrated in Figure 54.  In this example the reduced K content is more subtle and only 
exposed in point analysis M/K values rather than standing out from EDX maps (C.f. sites 2 & 
3 verses 4 & 6).  Still, both examples show a systematically K- and PFA-deficient “halo” 
region around embedded MgO grains, associated with a visibly differing morphology than 
the MgKPO4·6H2O binder matrix. 
  
Figure 54.  A high magnification micrograph (BSI) and select associated elemental maps (EDX) 
showing a presumed MgO grain embedded within the MKPC matrix of formulation 7.4 at 365 days. 
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6.2.2.6  Differential Thermal and Thermo-Gravimetric Analysis 
The general characteristics of DTA-TG measurements for the three encapsulants were 
the same as those seen for formulation 2.1 in early work (C.f. Chapter 6.2.1.4): a single 
major DTA endotherm at 80-220 °C corresponding to the only large TG mass loss of 
9.1-22.4 %.  The presence of these features was seen in each formulation at all ages, a fact 
illustrated for 7.4 in Figure 55 and for 7.5 and 7.6 in Appendix 2.  Each figure shows a strong 
positive correlation between the 50-500 °C TG mass loss magnitude and sample age.  More 
subtle features were also seen across all tested MKPC samples: in the DTA signal small 
humps are observed in the background above 400 °C, while a TG mass loss at 500-1000 °C 
of between 0.38 and 0.74 % is also exhibited by the cement.  The former are likely due to 
phase transitions and the latter the burning of residual carbon from both the coal ash filler 
and surface absorbed solvent (acetone).  This is supported by manufacturer information of 
an ash LOI between 3.2 and 4.7 % [69]. 
  
Figure 55.  The DTA-TG data for samples of formulation 7.4 at ages up to around 365 days 
(384 days).  Prior to measurement the samples were cured at 25.4 ± 2.8 °C, powdered and quenched 
using acetone before storing under reduced pressure in a dry environment (C.f. Section 4.5). 
Key: 
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The accuracy of the measurements, particularly with respect to the TG mass losses 
obtained, was assessed by triplicate measurements of formulation 7.4 samples from the 1 
and 180 day testing points.  With respect to the DTA signals, the major endotherm was 
present for all, however its shape and magnitude was changeable between repeat 
measurements.  This is illustrated in the left hand plot of Figure 56.  Despite this, the 
50-500 °C TG mass loss showed excellent precision, with “Mean ± Standard Deviation” of 
the 1 and 180 day measurements found to be 9.64 ± 0.13 % and 20.42 ± 0.02 %.  However, 
it should be noted that samples used for the repeats originated from the same prism and 
thus these values do not include cross-batch compositional variation.   
Only a single anomalous measurement was discounted from those undertaken: that of 
7.4 at 384 days.  The measurement was initially repeated due to a 50-500 °C TG mass loss 
drastically lower than that obtained at 180 days: 12.17 % verses 20.42 ± 0.02 %, 
respectively.  The measurement was deemed anomalous after a repeat was undertaken 
producing 20.31 %, a difference drastically larger than the experimental errors assessed.  
A final feature of the DTA data which was identified as potentially significant was the 
suggestion of a double tip on the dehydration endotherms of some later age samples.  This 
phenomenon can be observed in Figure 56.  The selective occurrence of this phenomenon 
Key: 
Figure 56.  Showing the evolution of the major DTA endotherm observed in MKPC with age, for the three 
encapsulants: 7.4, 7.5 and 7.6 from left to right.  The formulation 7.4 plot includes triplicate measurements at 
1 and 180 days. 
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seems to suggest a degree of age dependence.  However, its clarity is not consistent 
between the 180 day repeats of 7.4, although it is clear within the 384 day 7.4 measurement 
and both 180 and 365 day 7.6 measurements.  Possible implications of this observation are 
discussed in Chapter 7.3. 
 
6.2.2.7  Density Measurements 
The apparent density of the three formulations show no evolution with age within the 
measurement error.  The measured values were 1.95 ± 0.02 g·cm-3, 1.93 ± 0.01 g·cm-3 and 
1.92 ± 0.01 g·cm-3 for formulations 7.4, 7.5 and 7.6, respectively.  In addition to apparent 
density, the evolution of the true cement density, measured by He-pycnometry as per 
Chapter 4.5.3.8 and aimed to be free from contributions of porosity, is shown in Figure 57.  
At the same time, and to facilitate porosity calculation within the cements (C.f. Chapter 
6.3.2), starting material densities were measured.  These are displayed in Table 16.   
 
Figure 57. Showing the true density measurements with standard deviation error bars against quenching 
age for manually ground samples of the three encapsulant formulations.  Where axis units match for both 
plots and measurements were made in accordance with the methodology of Section 4.5.3.8. 
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The true density of the cements was shown to decrease systematically with sample age, 
with the exception of the latest age measurement of each formulation.  This trend matches 
the theoretical expectations of reduced porosity and increased MgO to K-struvite conversion 
with age.  The final slight increase in densities runs contrary to these expectations and is 
thus suspected to be an artefact of experimental error.   
Table 16.  The measured and literature reported true densities for key pure phase constituents of 
MKPC. 
Literature reported and measured pure phase densities (C.f. Table 16) show good 
agreement, with the exception of PFA.  This indicates the accuracy of the He-pycnometry 
technique for true density measurements of the cement.  This data is therefore utilised 
confidently in subsequent MKPC porosity calculations (C.f. Chapter 6.3.2).  It should also be 
noted that the measurement of PFA true density by such techniques has been found to be 
an underestimation due to the presence of He(g)-inaccessible porosity within cenospheres 
[86].  These spheres often remain intact throughout manual grinding, and as a result we 
should expect the measured “true” density values to contain a small systematic error 
correlating with cement ash content.  The literature range quoted is thus an estimation based 
on peaks in various PFA mass-density distributions [86]. 
 
 Starting Materials  
Material KDP MgO B(OH)3 PFA K-Struvite 
ρmean 
/g·cm-3 
2.350 3.512 1.457 2.353 - 
ρSD 0.009 0.077 0.041 0.095 - 
ρlit /g·cm-3 2.257 3.58 1.499 2.5-2.6 1.88 
ρlit Source [97] [98] [99] [86] [100, 101] 
 
  
158 
 
6.2.2.8  Mercury Porosimetry 
Mercury porosimetry was not performed systematically for the three formulations due 
to intermittent equipment issues.  It was possible to collect data on mercury intrusion and 
extrusion of 7.6 at 3 days; as displayed in Figure 58.  As discussed in Chapter 4.5.3.12, the 
method was used for determination of characteristic “entrance” pore diameters and total 
accessible pore volumes [76, 77].   
The total measured intruded porosity, with diameters of > 7.13 nm, was 0.229 cm3·g-1.  
This corresponds to 4.40 % porosity, based on the measured apparent density of 
1.92 g·cm-3 for 7.6 in Chapter 6.2.2.7.  The intrusion and extrusion data indicated a tri-modal 
distribution of characteristic “entrance” pore diameters in the sample.  Measured as around 
(i) 8.15 nm to 9.57 nm, (ii) 4.29 µm to 5.68 µm, and (iii) 17.5 µm to 207 µm.  The latter two 
modes have diameters correlating well with the micro- and macro-scales of porosity 
observed by electron microscopy techniques (C.f. Chapter 6.2.2.5).  The correlation between 
the cumulative Hg-intruded volume and diameter was found to be approximately linear for 
the latter 20 µm to 200 µm range, a feature not easily observed in Figure 58 due to the 
logarithmic x-scale.  Finally, it is likely that a significant portion of the large cumulative 
volumes associated with the smallest two diameter rages is associated with the filling of 
larger pores, due to the “entrance” diameter effect discussed in Chapter 4.5.3.12.   
  
Figure 58.  Presenting plots of Hg-intrusion/extrusion porosimetry data collected for formulation 7.6 at 
3 days.  For each, there are two data sets plotted against axes of the corresponding colour: the 
mass-normalised differential change in Hg-volume with pore diameter (-δV/δLog(D) verses D) and the 
percentage intruded volume (VHg verses D).  Both data sets were obtained by combining high and low 
pressure measurement data.  Finally, data labels indicate selected diameters in µm. 
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6.3  Analysis:  Mechanical, Chemical & Microstructural Property 
Interplay 
6.3.1  Direct Observation of Mechanical Properties 
The mechanical properties of MKPC have been shown to be good for formulations 
without setting issues.  The selected encapsulant formulations, 7.4-7.6, exhibit 24 hour 
strengths well in excess of the 0.7 MPa UK minimum required to facilitate transport of ILW 
wasteforms [27].  In addition, ultimate compressive strengths of 58-72 MPa and elastic 
moduli of 19-21 GPa were measured for these cements.  These ultimate strengths for the 
selected encapsulants are shown here to be superior to both those of the initial formulation 
set and similar low M/P cements examined in other work [12].  There is therefore confidence 
that the selected formulations have the durability required of ILW encapsulants.  However, 
the formulation variations are observed to result in an order of magnitude range in 180 day 
cement strength from under 10 MPa to over 70 MPa.   
The observed evolution from plastic to elastic sample deformation under compression 
on ageing from 1 to 28 days (C.f. Figure 31), implies the development of structural cohesion, 
producing a transition in mechanical properties from those similar to wet soil, to that of a 
brittle solid.  Although the most rapid MKPC strength development was found to occur in the 
first 7 days, in general, significant later age strengthening took place, with evidence 
suggesting ultimate mechanical properties are reached by around 180 days (C.f. Figure 32 
and Figure 40).  This agrees with the report of Covill et al. [12] on early strength 
development for formulations similar to 2.1, although slight continued development between 
180 and 360 days was reported.  The latter difference is possibly due to the availability of 
additional water for reaction due to open, high humidity curing of the cement.   
In terms of formulation-strength correlations (C.f. Figure 33), the variation of CS values 
with PFA content and M:P ratio yielded some of the most initially unexpected results.  The 
extent of strengthening exhibited after 7 days by both the 75 % PFA formulation and the low 
M:P formulations (1.25:1 or 1:1) was significant compared to other initial formulations.  
However, both effects are well described by the impact of porosity on strength in MKPC, as 
recreated in subsequent modelling (C.f. Chapter 6.3.3).  The observed strong inverse 
W/C-CS correlation supports the same significance of porosity in defining strength in MKPC.  
The low W/S ratios of the high PFA formulation and the low W/C formulations, and the low 
water excess in the low M/P formulations due to the lower W/P ratios produces low ultimate 
porosity thought to be the dominant factor in the exhibited higher strength in each case.  This 
refines the previously description of higher strength achieved by increasing the M:P ratio in 
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MKPC [10] with the requirement to maintain a molar W/P of around 5.  Other observed 
trends include the use of finer 200 Mesh MgO, instead of 60 Mesh, producing higher early 
strengths at the cost of rapid setting and finally the requirement of boric acid for significant 
strength development.   
In order to examine the effects of formulation variation on the development of MKPC 
mechanical properties (C.f. Chapter 6.2.1.1), an in-depth analysis of property evolution is 
described.  Porosity is understood to be fundamental to the mechanical properties of both 
ceramics [102–105] and cements [106–110].  So, in order to gain an appreciation of the 
impact of formulation on MKPC strength across the large observed range, it is necessary to 
normalise for cement porosity.  Calculating the extent of reaction, α, in the cement proves an 
elegant method to do so. 
 
6.3.2  Extent of Reaction and Total Porosity Calculations 
Comparison of DTA-TG measurements of the MKPC samples with those of lab 
synthesised, pure phase, K-struvite allowed confident assignment of the 80-220 °C 
endotherm and associated mass loss to K-struvite dehydration according to a reaction with 
stoichiometry matching that of Equation (44) (C.f. Chapter 6.2.1.4).  This identification was 
further supported by identification of K-struvite as the only major crystalline product phase 
detectable by XRD.  When plotting the mass loss data for formulations 7.4-7.6 against age 
(Figure 59) a remarkably consistent correlation is observed.  The degree of trend 
consistency, the low level of scatter and the small assessed standard deviations (0.13 % and 
0.02 % at 1 and 180 day, respectively) provided high confidence in the data.  Its quality was 
thus judged sufficient for use in further calculations. 
 
Dehydration of K-Struvite 
 𝑀𝑔𝐾𝑃𝑂4 · 6𝐻2𝑂(𝑠)
∆
→ 6𝐻2𝑂(𝑔) + 𝑀𝑔𝐾𝑃𝑂4(𝑠) 
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠 = 41.57 % 
(44) 
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From the amount of water lost from dried cement samples according to Equation (44) 
the mass fraction of binder per dry sample, 𝜒𝑀𝐾𝑃, can be calculated.  The lower 7.4 mass 
loss values therefore suggests lower ultimate 𝜒𝑀𝐾𝑃.  This in itself is revealing.  With 7.5 
having less PFA than 7.4, a lower, 𝜒𝑀𝐾𝑃 value is expected.  However, 7.6 only differs from 
7.4 by water content: a molar W/P of 5.51 verses 5.05, respectively.  The relative 𝜒𝑀𝐾𝑃 
values therefore indicate that water contents close to the theoretical requirement for full 
reaction (molar W/P of 5) hinder the ultimate extent of reaction in MKPCs. 
The TG mass loss provides a metric for the extent of reaction at the point of sample 
quenching, by comparison of the mass fraction binder with the theoretical maximum based 
on starting material amounts.  The extent of reaction, α, at each quenching age was 
calculated in this way based on the dehydration, (Equation (44)), and binder forming 
(Equation (21)), reactions.  This calculation is summarised in Equations (45) to (47), and 
assumes a starting material M/P of greater than one. 
 
Fractional Mass Loss, 𝜒−𝑤, from the Extent of Reaction 
 𝜒−𝑤 =
𝑀−𝑤
𝑀𝑠
 (45) 
 
𝜒−𝑤 =
6 · 𝑀𝑟𝑤 · 𝛼
𝛼 · 𝑀𝑟𝑀𝐾𝑃 + (1 − 𝛼 + 𝑧) · 𝑀𝑟𝑀𝑔𝑂 + (1 − 𝛼) · 𝑀𝑟𝐾𝐷𝑃 + 𝑀𝑃𝐹𝐴 + 𝑀𝐵(𝑂𝐻)3
 
(46) 
  
Figure 59.  Recorded TG mass loss values, 25 – 500 °C, with sample age for the three encapsulant 
formulations: 7.4, 7.5 & 7.6.  Error bars are smaller than the data points.  Prior to measurement the 
samples were cured at 25.4 ± 2.8 °C, powdered and quenched using acetone before storing under 
reduced pressure in a dry environment (C.f. Section 4.5). 
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Extent of Reaction from Fractional Mass Loss 
  
𝛼 =
(𝑧 · 40.3) +   176.39 + 𝑀𝑃𝐹𝐴 + 𝑀𝐵(𝑂𝐻)3
− 90.11 + 108.12 𝜒−𝑤⁄
  
(47) 
Where 𝜒
−𝑤
 is the fractional mass loss on sample dehydration, α is the extent of reaction, z is the 
molar excess of MgO (assuming M/P > 1), Mr is the molecular mass and M the component mass per 
mole of KDP.  Subscripts indicate the component each variable relates to: s (total dry solids), –w (lost 
water), w (water), MKP (MgKPO4·6H2O), MgO, KDP (KH2PO4), B(OH)3 and PFA.  
 
The volume fraction of solids for the three formulations at each age was 
approximated by two methods: Method 1 and Method 2 producing ϕ1 and ϕ2 and 
summarised by Equations (48)-(50) and (51), respectively.  Both methods used calculated α 
values along with component densities and molar masses.  However, ϕ1 is the product of a 
volume filling model of the cement also based on measured starting material densities and a 
literature value of K-struvite density (C.f Table 16).  In contrast, ϕ2 compares the theoretical 
density of solids (from He-pycnometry) to an adjusted prism density calculated by removing 
the mass component of unreacted water (from experimental α values) from the apparent 
density (from prism mass/volume) of the cement prism.  Plots of the calculated α, 𝜙1 and 𝜙2 
values against quenching age are shown in Figure 60.   
Figure 60. Extent of reaction, α (left), and volume fraction of solids, ϕ (right) verses age for the three encapsulant 
formulations.  Where α values were calculated from experimental TG mass loss data according to Equation (47) and 
the volume fraction of solids was calculated using α and He-pycnometry data by Method 1 and Method 2, according 
to Equations (48)-(50) and (51), respectively.  Also shown is a line of the Equation (52) relationship. 
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Volume Fraction of Solids from Method 1, 𝜙1 
 
𝜙1 =
𝑉𝑠
𝑉𝑇𝑜𝑡
=
𝑉𝑠
𝑉𝑠 + 𝑉𝑤
 
(48) 
 
𝑉𝑠 =
𝛼 · 𝑀𝑟𝑀𝐾𝑃
𝜌𝑀𝐾𝑃
+
(1 − 𝛼 + 𝑧) · 𝑀𝑟𝑀𝑔𝑂
𝜌𝑀𝑔𝑂
+
(1 − 𝛼) · 𝑀𝑟𝐾𝐷𝑃
𝜌𝐾𝐷𝑃
+
𝑀𝑃𝐹𝐴
𝜌𝑃𝐹𝐴
+
𝑀𝐵(𝑂𝐻)3
𝜌𝐵(𝑂𝐻)3
 
(49) 
 𝑉𝑤 = (𝑦 + (𝛼 · 5)) · 𝑀𝑟𝑤 (50) 
Volume Fraction of Solids from Method 2, 𝜙2 
 
𝜙2 =
𝑉𝑠
𝑉𝑎𝑝𝑝
=
𝜌𝑎𝑝𝑝  · (1 − 𝜒𝑤)
𝜌𝑠
=
𝜌𝑎𝑝𝑝  · (1 − (𝛼 · 𝜒𝑤 𝑖𝑛𝑖))
𝜌𝑠
 
(51) 
Where ϕ1 and ϕ2 is the volume fraction of solids calculated by method 1 and 2, respectively, V is the 
volume, 𝜌 is the density, 𝑀𝑟 is the molecular mass, 𝑀 is the mass per mole KDP, 𝜒 is the mass 
fraction, 𝛼 is the fractional extent of reaction, and finally z and y are the initial molar excesses of MgO 
and water used in the cement.  The “app” subscript denotes apparent volume and density values 
which include all porosity.  Other subscripts indicate the component each variable relates to: tot 
(total/all), s (total dry solids), w ini (initial mix water), w (water), MKP (MgKPO4·6H2O), MgO, KDP, 
B(OH)3 and PFA.  The density of water was taken as unity. 
The volume filling model used for Method 1 predicts MKPC as slightly expansive, with 
the total volume of solids increasing with the extent of reaction due to conversion of high 
density MgO to lower density K-struvite.  The total volume of solids for a slurry containing 1 
mole of KDP was calculated to increase from the initial 163 cm3 to 235 cm3 at full conversion 
of reactants.   This correlates with dimensional stability measurements.  However, the total 
cement volume is calculated to decrease due to the consumption of water.  The late age 
contraction of the cement as measured by dimensional stability is therefore thought to reflect 
the gradual re-equilibration of phase geometries to minimise compressive forces on phase 
surfaces.  The assumption of a fixed total volume, equal to the total initial volume of 
components, was required for a functional model.  Based on the low magnitude of 
dimensional stability measurements this approximation is deemed acceptable (C.f. Chapter 
6.2.2.2).   
The evolution of α with quenching age, as seen in Figure 60, shows a reasonable fit to 
an exponential relationship described by Equation (52).  This relationship mirrors the trend in 
MKPC properties with age observed across multiple techniques: rapid initial development 
(< 7 d) followed by a slowing of evolution to reach approximate constancy at between 90 and 
180 days.  This is seen in MKPC chemical evolution (from extractable pH), phase 
composition (from DTA/TG & XRD) and CS development of the cement (C.f. Chapters 
6.2.2). 
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Basic α-Age Relationship; Full Reaction Possible 
 𝛼 = 1 − 𝑒(−𝑎·𝑡
𝑚)  (52) 
Where 𝛼 is the extent of reaction, 𝑡 is the time in days and 𝑎 and 𝑚 are constants. 
 
The 380 day “total“ porosity values calculated by each technique were for formulations 
7.4, 7.5 and 7.6: (Method 1) 10 %, 7 % and 10 % and from (Method 2) 13 %, 12 % and 
11 %, respectively.  This is in line with reports of Wagh [111] who estimates total 
(cenosphere inclusive) porosity for PFA composite MKPCs at around 20 %.  With the 
calculations of ϕ values, examination of CS-porosity relationships in MKPC was possible.  
Plotting calculated ϕ1 and ϕ2 values against experimental CS data for the three encapsulants 
(Figure 61), yields a consistent correlation across both ϕ methods and all three formulations:  
Despite 40 % of the binder forming within the first day, significant strengthening is not 
achieved until the volume fraction of solids has increased by 0.2 to exceed 0.8.  After which 
a strong linear CS-ϕ correlation exists.   
  
Figure 61.  Plots of calculated volume fraction of solids, ϕ, verses unconfined compressive strength, σ, for the 
three encapsulant formulations.  Values for ϕ1 and ϕ2 were determined using α and He-pycnometry data by 
Method 1 and Method 2 according to Equations (48) and (51), respectively.  The line shown represent a 
two-segment CS-density model, labelled with the relevant relationships (Equations (55) and (54)) fitted by 
regression to ϕ1 values with 95 % confidence according to 𝐴 = 88 ± 1,  𝑛 = 12 ± 1, 𝜎0 = 127 ± 10 MPa, 
𝑃𝑐𝑟𝑖𝑡 = 0.19 ± 0.04.  Strength standard deviation bars are shown. 
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Scatter of ϕ data points is observed in Figure 60 and Figure 61 to be larger for ϕ2 
values than for ϕ1 with values of the former generally lower than those of the latter.  This is 
suspected to be an artefact of the manual grinding of the cement sample, namely the 
fracturing of a portion of the contained ash spheres, thus increasing the measured density by 
a factor proportional to the PFA content and the force/degree of grinding.  This Introduced 
levels of systematic and random error to the method.  In contrast, ϕ1 values are expected to 
reflect all porosity within the material, with the exception of closed intra-sphere porosity.  
This is due to the use of a PFA density measured without pre-processing.  As 
He-inaccessible porosity is inert in terms of the chemical cement evolution and can be 
considered a constant for other properties of the cement, the “cenosphere excluded 
theoretical density” represented by ϕ1 values is considered of most value and is alone 
utilised subsequently.  The general quality of the data serves strongly to support the efficacy 
of the solvent quenching technique for halting reaction progress in MKPC.   
This linear CS-ϕ relationship is consistent with the observations of Lam, Lang and Evans 
[112] on the evolution of mechanical properties in ceramic bodies during sintering.  They 
observed mechanical properties which scaled approximately linearly with 1-P/P0 (where P is 
the volume fraction pores and P0 that of the initial powder body.  The accepted explanatory 
mechanism relies on initial contact between particles during fabrication of ceramics.  At the 
onset of ceramic densification, neck formation between particles explains the strong linear 
increase in CS with volume fraction of solids.  The particle contact area increases in 
proportion to the degree of densification and mechanical properties increase in proportional 
to this contact area.  Along similar lines, Phani and Niyogi [113] previously suggest that 
elastic modulus evolution follow the relationship:  
 𝐸 = 𝐸0 · (1 −
𝑃
𝑃𝑐𝑟𝑖𝑡
⁄ )
𝑛
 (53) 
Where E is the elastic modulus, E0 the initial value, P the volume fraction porosity, Pcrit the critical 
volume at which E is zero and n a constant. 
The constants in the above relation, (the critical porosity, Pcrit, and exponent, n) are 
geometric in nature, relating to initial powder packing and particle size distribution.  Here we 
attempt to apply a similar description of property variation with porosity to MKPC.  However, 
key differences exist between strengthening in pressed ceramic bodies and cementitious 
systems.  In the case of MKPC the initial state is a fluid slurry, exhibiting no bleed.  Thus, 
solid particles are not initially in contact and initial densification cannot form bridging 
connections.  Instead, heterogeneous nucleation of binder onto fluid-suspended MgO/PFA 
facilitates particulate growth.  The gradual early strengthening phase observed could 
therefore be explained by increased resistance to fluid-flow of independent particles, with 
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their growth.  With a subsequent transition to more rapid strengthening occurring at the point 
of rigid inter-particulate connection formation, whether by direct bridging or geometric 
interlocking.  From this point, as for the ceramic models, mechanical property evolution 
would then reflect the extent and nature of inter-particulate connections.   
The two-stage nature of this proposed mechanism, illustrated in Figure 62, correlates 
well with the observed evolution of MKPC stress-strain response from plastic / soil-like at 
early ages to increasingly elastic / brittle from around 7 days.  Interpretation of the CS-ϕ data 
in Figure 61 suggests critical porosity of around 0.187 for an equivalent ceramic system, or a 
volume fraction of solids of 0.813.  However, due to the discussed differences between 
ceramic and cement systems, MKPC does not follow a linear CS-ϕ trajectory from the 
outset.  So the transition between the two strengthening stages naturally occurs at CS > 0.  
The transition porosity, Ptrans, is therefore not the critical porosity, Pcrit, of the equivalent 
ceramic system.  The transition porosity, Ptrans, thought to be the point of particulate 
inter-connection for this system is found to be around 0.173.  Corresponding to a volume 
fraction of solids of 0.827. 
Considering the volume fraction of solids for a random packing of mono-sized spheres is 
0.66, this is high.  However, a volume fraction of solids of 0.88 can be achieved for random 
packing of a binary (large/small) sphere size distribution.  Therefore, considering the large 
expected particle size distribution, and the fact the binder matrix is formed by in-situ binder 
formation and not particle packing, the indicated critical porosity is feasible.  Based on these 
observations a two stage model was deemed suitable to describe the CS-ϕ relationship in 
MKPC.  A simple power law, Equation (54), was to model the gelation stage, and the 
relationship of Lam, Lang and Evans [112], Equation (55), for the linear strengthening stage. 
 
Figure 62. Illustrating a proposed two-stage mechanism of MKPC formation and strengthening: In the 
initial slurry state (i) particles do not touch, the first solid to form restricts fluid flow by gelation (ii), but 
significant strengthening only occurs after inter-particulate contacts are formed at porosity levels less than 
the transitional value, Ptrans.  
 
trans 
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Gelation, P > Ptrans  
 𝜎 = 𝐴 · (1 − 𝑃)𝑛 (54) 
Strengthening, P ≤ Ptrans 
 𝜎 = 𝜎0 · (1 −
𝑃
𝑃𝑐𝑟𝑖𝑡
⁄ ) (55) 
Where 𝜎 is compressive strength, 𝑃 is porosity and 𝑛, 𝐴, 𝜎0 and 𝑃𝑐𝑟𝑖𝑡 are constants.  The constant 𝜎0 
is the strength at 100 % volume fraction of solids, while the 𝜙𝑐𝑟𝑖𝑡 and 𝑃𝑐𝑟𝑖𝑡 are the volume fraction of 
solids and the critical porosity of the equivalent ceramic system, respectively.  The transition point for 
the model is defined here in terms of the transitional porosity, 𝑃𝑡𝑟𝑎𝑛𝑠, thought to represent the point 
intra-particulate connections are established.  Fitting of the model to the experimental CS / calculated 
ϕ data for formulations 7.4-7.6 yielded values of 𝜎0 = 130 ± 10, 𝑃𝑐𝑟𝑖𝑡 = 0.19 ± 0.04, 𝐴 = 88 ± 1 and 
 𝑛 = 12 ± 1 to the 95 % confidence level.  The gives the transition at 𝑃𝑡𝑟𝑎𝑛𝑠 = 0.17. 
 
6.3.3  Implications of Modelled and Measured MKPC Properties 
Using the described two-stage strength-porosity model (Equations (54) and (55)) fitted to 
formulation 7.4-7.6 data, in combination with the volume filling cement model, extent of 
reaction values were predicted for a larger formulation set.  This included all experimentally 
CS tested formulations at all test ages, bar the 200-Mesh variation (2.3).  This exclusion was 
due to the large observed difference in reaction kinetics.  At each CS testing age the α-input 
for the volume filling model was fitted to minimise the difference between the model 
predicted and experimental CS values.   
The testing of the model against the initial cement formulations, despite the 
reproducibility issues encountered with these formulations, is justified on the basis of 
successful setting.  The occurrence of destructive expansion in low M/P formulations is 
thought to be related to dissolution kinetics and pH evolution of the initial slurry and occurred 
as an acute effect which was dramatically apparent on setting (C.f. Chapter 5.2.3).  
Successful setting cements therefore show themselves to be on the non-expansive side of 
the variable tipping point, and so are assumed to be defined by general MKPC mechanic 
and kinetic formation characteristics. 
The results of these α predictions, shown in Figure 63, recreate the relationship 
observed in TG based α calculations of the encapsulants 7.4-7.6.  Fitting this relationship, 
Equation (52), to the predicted α values corresponding to performed CS tests produced 
constant values of 𝑎 = 0.56 ± 0.06 and 𝑚 = 0.36 ± 0.03 within the 95 % confidence interval.  
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This recreation of the same trend in reaction kinetics suggests the CS-ϕ model is a good first 
approximation for the mechanics of MKPC formation. As well as showing that, for the 
hypothesised CS-ϕ dependency, MKPC reaction kinetics approximately follow Equation (52). 
A suspected point of deviation between observed and modelled reaction kinetics is 
that the model assumes a maximum extent of reaction of unity is possible.  Due to the use of 
very slight water excess, molar W/P values as low as 5.05 compared to the stoichiometric 
requirement of 5, this is thought unlikely.  Therefore, an adaption to the basic kinetic model 
Figure 64.  Intra-crystallite porosity in MKPC formulations: 2.12 at 30 d, 2.13 at 9 d and 7.6 at 
1d, respectively. 
Figure 63.  A plot of model predicted extent of reaction, α, values verses age for 13 CS tested 
MKPCs.  Individual points represent values predicted through fitting the α-input of the MKPC volume 
filling model to minimise the difference between experimental and model calculated CS values 
(Equations (55) and (54)).  A line of the illustrated equation, (52), is also show, with regression fitting 
to the individual data set determining 𝑎 = 0.56 ± 0.06 and 𝑚 = 0.36 ± 0.03 with 95 % confidence.  
Average values with standard deviations error-bars are also included in red. 
169 
 
is proposed, as described by Equation (56).  Additional evidence for maximum α of < 1 
originates from the observance of inter-crystallite micro-porosity by electron microscopy 
techniques as well as the indication of key pore diameters on the 10-6 and 10-8 scale by Hg-
porosimetry (7.6 at 3 d, C.f. Chapter 6.2.2.8).  The isolation of some free water within K-
struvite crystallites, by capillary action as well as pore closing, is thought possible and likely 
in the presence of such porosity, exemplified by Figure 64.   
The amount of water trapped, 𝑁𝑤𝑡𝑟𝑎𝑝, was approximated from averaging 180 and 360 
day calculated α values for each formulation 7.4-7.6.  From this approximate ultimate α the 
ultimate unreacted water was calculated for each formulation.  Averaging across the three 
formulations provided 𝑁𝑤𝑡𝑟𝑎𝑝 equal to 0.5 ± 0.2 moles of water per mole of binder formed.  
This approximation was based on the observation that MKPC properties have generally 
exhibited constancy from 180 days.  This includes measurements of composition (by XRD, 
DTA/TG and extractable pH), CS and density (apparent and “theoretical”) as described in 
Chapter 6.2.2.  The “basic” and “adjusted” α-age models are displayed side by side in Figure 
63. 
 “Adjusted” α-Age Relationship 
 𝛼 = 𝛼𝑚𝑎𝑥(1 − 𝑒
(−𝑎·𝑡𝑚) ) 
For  𝑁𝑤𝑡𝑜𝑡 > (5 + 𝑁𝑤𝑡𝑟𝑎𝑝), then 𝛼𝑚𝑎𝑥 = 1.  Else   𝛼𝑚𝑎𝑥 =
𝑁𝑤𝑡𝑜𝑡
5+𝑁𝑤𝑡𝑟𝑎𝑝
. 
(56) 
Where 𝛼 is the extent of reaction, 𝛼𝑚𝑎𝑥 being the maximum, 𝑡 is the time in days, 𝑎 and 𝑚 are 
constants, 𝑁𝑤𝑡𝑜𝑡 is the initial moles of water per mole of KDP, 5 is the stoichiometric molar water 
requirement per mole of KDP, and 𝑁𝑤𝑡𝑟𝑎𝑝 is the moles of water trapped in forming one mole of binder. 
Both proposed α-age models and the CS-ϕ model are first approximations, hypothesised 
primarily as analytical aids.  Comparing the fitting of each α-age model to the CS-ϕ predicted 
data set, as displayed in Figure 65, produces R2 values of 0.69 and 0.74 for the “basic” and 
“adjusted” models, respectively.  Along with the generally lower degree of spread apparent in 
the α/αmax verses age data, this supports the operation of an αmax reduction effect in low 
water formulations.  However, we can only hypothesise as to the source of said effect.  This 
of course assumes that the CS-ϕ model is a reasonable general description of MKPC 
strengthening, an assumption supported by the general observance of both predicted and 
TG based α values to the same α-age relationship.  Additionally, plots of experimental and 
predicted CS evolution with age are shown for select formulations in Figure 66 and Figure 
67.  The predictions shown were generated by combination of each α-age model (basic / 
adjusted) with the CS-ϕ model.  The comparison aids in the assessment of experimental 
behaviour variation with formulation.   
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We can see from Figure 66 that the models fit the experimental CS values used for their 
calibration relatively well.  For 7.4 and 7.5, the two lower W/P formulations, the “adjusted” 
models predict slightly lower ultimate strength.  But, no improvement of either model over the 
other is apparent.  The overall recreation of strength development trends in the initial 
formulation suite is more impressive (C.f. Figure 67).  This lends confidence to porosity as 
the main determinant of MKPC mechanical properties, showing the fitted CS-ϕ model as a 
good starting approximation of this (Equations (55) and (54)).   
 
Figure 65.  Showing the predicted-α data set fit with the “basic”, left, and “max adjusted”, right, α-age 
models (Equation (52) and (56), respectively).  Each equation is shown on the corresponding graph as a 
line and a value of 𝑁𝑤𝑡𝑟𝑎𝑝= 0.44 was used to produce α/αmax values.  The “basic” model was fitted to the 
data to give within the 95 % confidence level: 𝑎 = 0.56 ± 0.06, 𝑚 = 0.36 ± 0.03 and R2 = 0.69; while for the 
“max adjusted” model: 𝑎 = 0.58 ± 0.06, 𝑚 = 0.40 ± 0.03 and R2 = 0.74. 
Figure 66.  Experimental and modelled UCS-age relationships for the three encapsulant formulations.  
Where, the modelled data was produced by combining the CS-ϕ model (Equations (55) and (54)) with either 
the “Basic” or “Adjusted” α-age model (Equation (52) or (56), respectively).  Experimental standard 
deviations, if larger than data points, are shown as y-error bars. 
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Specifically, the experimental variation in strength evolution with M/P ratio is relatively 
well reproduced by modelling (C.f. 2.9, M/P=1, verses 2.10, M/P=2, in Figure 67).  This 
supports the form of the general relationships observed and reflects the need to maintain a 
low chemical excess of water (W/P ≈ 5) when increasing the M/P ratio in order to improve 
the mechanical properties of MKPC.  
There exists a significant spread in the predicted α and α/αmax values (C.f. Figure 65), as 
well as some clear outliers.  The spread represents the propagation of experimental error 
(e.g. CS) as well as cases where the sample behaviour deviates from that of the group to 
which the models were fit.  In terms of kinetics, by applying a general kinetic model across 
the breadth of the 13-formulation set, we ignore the impact of formulation variables on 
reaction kinetics.  An impact well established for retarder content [52, 54, 84, 114], MgO 
surface area [63, 115], water content [96] and filler content [96] in MKPC.  Such kinetic 
deviations are clearer in the 1 day predictions (C.f. Figure 65), due to dramatic reduction in 
the initial rate for each formulation thereafter.   
Figure 67.  Experimental and modelled UCS-age relationships for a selection of the initial formulation suite.  
Where, the modelled data was produced by combining the CS-ϕ model (Equations (55) and (54)) with either 
the “Basic” or “Adjusted” α-age model (Equation (52) or (56), respectively).  Experimental standard deviations, 
when larger than data points, are shown as y-error bars.  Above each plot are the formulation number and 
variable altered from standard formulation 2.1.   
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As could be expected, we observe in both α and α/αmax values that the low 1 day outlier 
belongs to the 18 wt.% boric acid variant formulations 2.8.  Interestingly, the later α-evolution 
for this formulation follows approximately the predicted models, whereas the retarder free 
formulation, 2.7, has significantly lower than average predicted extent of reaction at later 
ages.  The deviation of the retarder-free 2.7 from the CS-ϕ relationship observed in 
formulations 7.4-7.6 is proven, as clearly illustrated in Figure 67.  This supports previous 
reports: that too rapid precipitation of crystalline cementitious materials can result in low 
ultimate strength due to formation of an incoherent matrix structure [8].  The microstructural 
basis of the impact of retardation is not well understood in MKPC.  Further work is required 
to support the further elucidation links between formulation, binder morphology, porosity and 
mechanical properties in MKPC. 
The other significant outliers in the 1 day predicted α data set are well above average, 
2.12 (0.38 W/S, 25% PFA), and well below average, 2.13 (0.25 W/S, 75% PFA).  The latter 
is thought to reflect the impact of diluting the reactive solids with PFA: the models describe 
the 7.4-7.6 formulations well, which contain similar water contents (0.23-0.25 W/S) but lower 
PFA contents (50/60 %). 
Among the poorest late-age modelled formulations are those of the reduced water 
content variants of 2.1, formulations 2.5 (0.38 W/C) and 2.6 (0.46 W/C).  The comparison of 
the combined model’s predictions with experimental CS-age evolutions (C.f. Figure 67) 
shows the “basic” model overestimates the late-age strengths for both, although most 
significantly for 2.6.  Considering the increased probability of a negative systematic error for 
CS of brittle samples, the “Basic” model fit is not definitively poor for lowest W/C formulation.  
Along with significant underestimation of the same strengths by the adjusted model, this 
suggests that the αmax reduction applied is too large in magnitude: an αmax value of only 0.76 
was calculated for 2.5.  This results in 180 day α/αmax of 1.2 to produce the experimental 
CS based on the CS-ϕ relationship (Equations (54) & (55)).  Therefore, if the amount of 
trapped water, 𝑁𝑤𝑡𝑟𝑎𝑝, is a constant linked to the amount of binder formed and independent 
of formulation variables as assumed, it is likely to be significantly lower than the 0.44 
approximation made. 
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6.3.4  Chemical Phase Evolution in MKPC 
In examining the overall phase evolution of the material, extractable pH is a useful 
indicator.  The overall trend observed in this work, for formulations 7.4-7.6, was for the pH of 
all dilutions to increase between 1 and 380 days from values of around pH 7.7-9 at 1 day to 
around 9-10.5 at 380 days.  Where the maximum pH is thought to reflect the limit imposed 
by the precipitation of Mg(OH)2.  The fact that the three dilutions showed pH values in the 
order of W:S 1:1<200:1<50:1 is significant, suggesting a highly soluble but small acidic 
component dominating at a W:S ratio of 1:1.  The pH defining component at high dilutions is 
expected to be MgO, with the pH limit of the system, found to generally be around 10.5, 
reflecting the precipitation of Mg(OH)2. 
The initial presence of an acidic reservoir correlates with the observation of KDP only at 
the 1 day testing point, while the fact that the 1:1 and 200:1 W:S dilutions generally converge 
over time suggests a reduction in acidic reservoir of the system with age.  However, the 
failure to identify KDP by XRD at later ages implies other responsible phases.  Based on the 
identification of K-deficient, PFA-poor matrix regions around MgO grains by BSI with EDX 
analysis, it is hypothesised that at > 1 day acidic phosphate phases (containing HxPO4 
where x > 0) are responsible.  Chau, Qiao and Li [89] have reported the staged formation of 
a K-struvite binder matrix via acidic phosphate phases.  The initial heterogeneous nucleation 
of such phases onto MgO grains suspended in a solution would explain the K-deficient layer 
observed on MgO grains.  The occurrence of such in a suspension and prior to the formation 
of an extended gel network fixing surrounding particles in place, correlates with the absence 
of PFA within this layer, as observed.   
The suggestion of a more significant amorphous contribution (hump at 28 to 35 °2θ) 
within 1 day XRD data of encapsulants 7.4-7.6, along with the low intensity of K-struvite 
peaks at that age could supports the presence of amorphous acidic phosphate phase(s) as 
reported in other work [96].  Additionally, the general evolution in microstructure between 1 
and 380 days, as illustrated for 7.6 in Figure 50, supports a more “glassy” matrix morphology 
at earlier ages in which cracks are not observed to follow regular crystallite boundaries.  With 
the failure to detect crystalline intermediates reported by Chau, Qiao and Li [89] in this work 
could simply reflect the extreme time dependence of their transient nature.  Or alternatively, 
the occurrence of amorphous intermediates in solid-state transition between well-defined 
crystal structures.  However, the conversion of these phases to K-struvite would correlate 
with the observed reduction in the acidic reservoir implied by low dilution verses high dilution 
extractable pH measurements. 
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It is likely based on the significant amount of B(OH)3 initially used in cements and the 
absence of B(OH)3 detection by XRD that other boron containing phases are present within 
the material.  It is possible that the BSI/EDX observed K-deficient layer is a boron containing 
phosphate phase.  Boron containing layers have been hypothesised to form as part of a 
retardation mechanism of B(OH)3 and the crystalline boron phase “luneburgite” 
(Mg3B2(PO4)2(OH)6·5H2O) has been reported in other work [29].  However, there is some 
debate as to reasonable retardation mechanisms (C.f. Chapter 2.4.3) and other reports 
describe luneburgite as conspicuously absent [114].  The latter is the case in this work:  no 
contribution from luneburgite was identified at any age.  The presence of boron containing 
compounds could also not be evidenced by EDX in this work due to the poor detection 
accuracy for this element.  Therefore the limit of what can be asserted is that the presence of 
boron containing compounds is likely in proximity of MgO grains, due to the absorption 
tendency of this element for MgO [116], and that based on XRD evidence significant boron 
phases are likely to be amorphous and are a possible candidate for the observed K-deficient 
layer. 
Finally, the matrix microstructure of the encapsulants at 1 day, as shown in Figure 50, 
consists of approximately spherical nuclei with minimal bridging connections.  This is well 
aligned with behaviour described by the first stage of the two-stage matrix formation model 
described in Equations (54) & (55) and illustrated in Figure 62.  
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6.4  Conclusions 
In this chapter the excellent mechanical properties of the developed set of encapsulant 
formulations (7.4-7.6), has been described; along with the evolution of many of their other 
cement properties with age.  The three encapsulants have been found to meet strength 
criteria, and demonstrate elastic modulus, dimensional stability, and porosity levels in line 
with application as encapsulants.  The evolution of the cement composition and 
microstructure was also probed by XRD, SEM/BSI/EDX, extractable pH, Hg-porosimetry, 
He-pycnometry and DTA/TG.  With the latter found as a key technique, capable of allowing 
assessment of the degree of reaction in the cement with age and proving the efficacy of the 
solvent quenching technique developed for PC [75] in application to MKPC. 
In terms of mechanical properties, the 380 day measured CS values for the three 
encapsulants were 71.7 ± 8.5 MPa (7.4), 61.7 ± 6.5 MPa (7.5) and 57.7 ± 7.1 MPa (7.6).  
Which are expected to reflect ultimate strengths for the material.  Ultimate elastic modulus 
values of 21.41 ± 2.07 GPa (7.4), 19.43 ± 0.96 GPa (7.5) and 19.87 ± 2.64 GPa (7.6) were 
measured as inter-batch averages from measurements at > 200 days.  The encapsulants 
were found to undergo an initially expansive stage, lasting around 7 days, followed by 
gradual contraction.  The expansion of the cement correlates with the increased volume of 
solids in the cement, when calculated using a volume filling model.  With the subsequent 
contraction thought to reflect the re-equilibration of phase geometries to minimise 
compressive forces on phase surfaces. 
The crystalline phase composition of the cement was found to be remarkably stable, as 
reported previously.  Crystalline phase identification, at ages > 1 day by XRD, showed the 
cement to contain K-struvite and periclase as major components and quartz and mullite as 
minor components.  Combining these x-ray observations along with DTA/TG data, K-struvite 
was confirmation as the dominant binder phase.  At 1 day, trace levels of KDP starting 
material was also identified in encapsulant XRD data, along with reduced K-struvite peak 
intensities and a more intense background hump suspected to be suggestive of amorphous 
content.  No evidence of crystalline boron phosphate phases such as luneburgite was 
identified, as has been reported in other work [29].   
The absence of KDP at later ages suggests the presence of additional soluble phases 
capable of acting as acidic reservoir species in the system.  The reduction of the reservoir 
with time suggests the amount of such phases reduces with age.  Based on this, BSI/EDX 
and XRD data, it is hypothesised that amorphous acidic phosphates are responsible.  The 
initial nucleation of such phases onto starting material particles and their conversion with age 
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to K-struvite, as reported for crystalline acid phosphates [89], is one explanation for the 
observed extractable pH behaviour.   
The microstructure of the cement is one of a K-struvite and embedded PFA matrix with 
inclusions of macro-pores and highly crystalline and PFA-fee K-struvite regions.  Correlation 
observed between the occurrence of these two inclusion-types, implies that water filled 
macro-pores fill with K-struvite crystals after the initial setting of the cement, contributing to 
the reduction in the cement porosity with age.  The size of the BSI observed micro- and 
macro-pores corresponds with the two largest porosimetry detected key porosity diameter 
ranges: (i) 8x10-9 to 1x10-8 m, (ii) 8x10-6 to 6x10-6 m, and (iii) 2x10-5 to 2x10-4 m.   
From DTA/TG measurements the indirect measurement of the extent of reaction, α, 
based on K-struvite dehydration was achieved.  The latter involved mass-loss 
measurements of solvent-dried MKPC samples.  In this way the extent of reaction, α, was 
found to reach between 37-43 % at 1 d, 75-81 % at 7 d and 90-101 % at 380 d for the 
encapsulants.  With corresponding total encapsulant porosities calculated to reach 7-10 % at 
380 d. 
A potential two stage formation mechanism, as illustrated in Figure 62, was developed 
based on experimental strength and mass loss (TG) data.  The model consists of two 
stages: (i) gelation, in which fluid flow is restricted by binder formation, and 
(ii) strengthening, in which particles bind together.  The former explains the initial low 
strength in heavily retarded MKPC, which lasts several days and correlates with a plastic 
soil-like stress-strain response in the cement.  Conversely, the later strengthening stage is 
characterised by a linear increase in CS with the volume fraction of solids, and an 
elastic-brittle stress-stain deformation mechanism.  The stage transition is described in terms 
of a key total fractional porosity, Ptrans.   
The empiric strength-density model (Equations (54) & (55)) fitted to the three 
encapsulants describes the experimental data on the large initial formulation suite well, 
producing a Ptrans of 0.17 for the system.  Comparison of this data with the model has 
demonstrated that the complex formulation-strength relationships displayed in Figure 33 can 
generally be well described by porosity evolution in the cement, thus demonstrating the 
dominance of porosity as a determinant of mechanical properties in MKPC. 
Finally, the degree of reaction was estimated across the broad suite of tested MKPC 
formulations based on experimental strength values and the CS-ϕ model.  The predicted 
values followed the same general α-age relationship as the experimentally calculated 
encapsulant values and produced the extremes of retarder content as kinetic outliers, 
evidencing the integrity of the identified general CS-ϕ relationship.  An adjusted α-age 
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relationship incorporating a limit to the maximum α due to water isolation was found to 
produce a better fit to the predicted-α dataset.  This adjusted relationship was however 
implied to overestimate the reaction limit for reduced W/C formulations. 
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7  Effects of Elevated Temperature on Magnesium 
Potassium Phosphate Cement 
7.1  Introduction 
In order to understand the limits of applicability of MKPC technology, the determination 
of temperature dependent characteristics is necessary.  This work contributes to that aim 
with the testing of MKPCs cured under elevated temperature according to 3 curing schemes.  
The methodology involved is outlined in Chapter 4.5.2, but the three schemes are 
summarised: 
Scheme 1. At 47 ± 2 °C & 72± 2 °C, t > tpour (the point of slurry pouring), 
water-tight samples. 
Scheme 2. At 50 °C, 80 °C and 110 °C, all ± 2 °C, from 28 d < t < 90 d (50 °C) or 
28 d < t < 62 d (80/110 °C), exposed samples. 
Scheme 3. At 30 °C, 40 °C and 50 °C, all ± 2 °C, t > 3 d, water-tight samples. 
The testing under curing Scheme 1 was performed first, on initial formulation 2.1, with 
the aim of elucidating the effect of temperature on MKPC formation kinetics and ultimate 
properties, thereby informing the selection of corrosion trial curing temperatures.  Scheme 1 
samples were kept sealed to prevent the loss of water, and a relatively broad temperature 
elevation range was examined from as early as possible (slurry pouring) to maximise the 
potential for observing property variations due to differing reaction kinetics.  Alternatively, 
Scheme 2 testing of formulations 7.4-7.6 was undertaken to assess the feasibility of a 
dehydration treatment to reduce the amount of reactive water in MKPC wasteforms.  Hence, 
unsealed samples were treated at elevated temperature in ovens.  Finally, Scheme 3 was 
used on the same formulations to recreate corrosion trial conditions and establish a baseline 
of MKPC properties against which to judge wasteform corrosion characteristics.  The rational 
for corrosion trial curing scheme choices is discussed subsequently.  The results from the 
schemes are grouped by technique, to simplify scheme comparisons. 
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7.2  Results 
7.2.1  Physical Appearance 
The physical appearance of cement samples after elevated temperature curing under 
Scheme 3 ( t > 3d) displayed no systematic differences with curing temperature 
(30/40/50 °C) and were found to match those of the standard 25 °C cured samples.  This 
general appearance, illustrated in Figure 69, consists of a dark brown/black ash containing 
matrix containing white inclusions thought to consist of unreacted B(OH)3/KDP or the SEM 
observed PFA-free regions of crystallinity (C.f. Chapter 6.2.2.5).   
  
50°C 
80°C 
110°C 
Figure 68.  Showing prisms and prism cross sections for MKPC 7.4 at 90 days of age after Scheme 2 
dehydration treatments at three temperatures, 50 °C, 80 °C and 110 °C. 
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Dehydration treatments of MKPC samples at 28 days 
(Scheme 2) were shown to produce changes in appearance 
(C.f. Figure 68 & Figure 70).  At 50 °C samples exhibited a 
slightly lighter matrix colour and more external grey dappling 
was observed, while at the 80 °C and 110 °C treated samples 
showed a drastic change in matrix colour: from dark 
brown/black to light grey.  Cracking was also observed in many 
samples, as illustrated in Figure 70, and found to be generally 
spanning the central cross section of prisms.  However 
occasional transverse cracks were visible externally.  Most 
80 °C prisms exhibited some degree of cracking. 
 
  
Figure 69.  External (top) and 
cross sectional surfaces of a 
Scheme 3, 40 °C , cured 
sample of MKPC 7.4 at 28 
days. 
Figure 70.  Showing prism cross sections of the approximately 40 mm cubed samples prior to their CS 
testing, consisting of MKPC 7.6 at 90 days after 80 °C dehydration treatment. 
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7.2.2  Electron Microscopy 
In examination of 7 and approximately 380 day aged samples cured at 30/40/50 °C 
(Scheme 3) by electron microscopy methods (fracture & polished surface; SEI, BSI & EDX) 
no features or systematic differences were observed which were not detected and discussed 
previously for 25 °C cured samples (C.f. Chapter 6.2.2.5).  However, micrograph comparison 
for dehydrated MKPC 7.4 polished surfaces did show differences in microstructure with 
treatment temperature.   
As generally observed in the microscopy of polished MKPC surfaces, a significant 
amount of cracking was observed within the surfaces of the dehydrated samples.  The 
occurrence of this in samples cured at 25 °C was largely expected to be a result of the 
mechanical processing involved in the sample preparation.  This was supported by the 
absence of resin within the vast majority of cracks in these samples, suggesting their 
creation after the low pressure intrusion process.  In the 80/110 °C dehydrated Scheme 2 
samples, a higher amount of resin filled cracking was qualitatively observed than seen in 
lower temperature cured/dehydrated samples.  This is exemplified in the comparison of 
50/80/110 °C dehydrated cement micrographs in Figure 71, in which the presence of cracks 
filled with dark grey/black resin are observed at the higher two temperatures while cracking 
in the 50 °C sample is generally resin free showing pitch black topographic BSI contrast. 
The EDX oxygen levels of binder sites couldn’t be reliably compared due to oxygen 
contamination from the resin during polishing.  However, systematic variations in the other 
binder elements (M, P and K) were not observed with dehydration temperature. 
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50°C 
80°C 
110°C 
Figure 71.  Electron micrographs (BSI) with labelled positions of EDX point analyses, along with 
associated results for polished surfaces of resin embedded Scheme 2 MKPC samples at 90 d.  Where 
dehydration temperatures are labelled, boron and carbon were disregarded due to a lack of topographic 
contrast based on contamination and/or technique sensitivity, and approximate water stoichiometries for 
crystalline points were calculated based on the assumption of oxygen solely within H2O.  Finally, reported 
EDX elements conformed to ≤15/1 relative magnitude differences between ≥1 non-oxygen element and 
≥0.02 atomic %. 
Resin 
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7.2.3  Physical Sample Measurements 
7.2.6.1  MKPC Density & Mass Change During Elevate Temperature Curing 
The apparent density of prisms confirmed that when in a closed system at near ambient 
temperatures (≤ 50 °C) no significant dimension or mass changes occurred on curing.  For 
Scheme 3 samples, average cement densities matched those measured in earlier work: 
1.95 ± 0.02 g·cm-3, 1.93 ± 0.01 g·cm-3 and 1.92 ± 0.01 g cm-3 for 7.4, 7.5 and 7.6, 
respectively.  Only one exception to the stable density of sealed samples was observed: 
Scheme 1 samples at 72 °C and 180 d.  A decrease in the density from 1.89-1.41 g·cm-3 was 
measured.  This is suspected to represent the tendency of the binder phase to decompose 
at this temperature and potentially insufficient sealing measures.  External latex layers were 
included in later sample sealing measures as a result. 
   
Figure 72.  A plot showing the evolution of Scheme 2 sample mass and density against time at elevated 
temperature.   
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 In the Scheme 2 samples heated without sealing, mass and density evolution was 
clear, as summarised in Figure 72 and Table 17.  Prism mass and apparent density were 
tracked over the heat treatment duration, with the degree of scatter in the data thought to 
reflect the precision of the measurements, as well as experimental error around areas such 
as cement composition.  It should also be noted that the number of samples and 
measurements was greater around the end of each temperature treatment resulting in the 
perception of increased scatter at these points: 34 d at 80/110 °C and 62 d at 50 °C.   
 Samples at 50 °C underwent a gradual mass loss, which slowed to the point of constant 
mass (ΔM < 0.1 ± 0.05 g, for Δt = 1d) by the end of the 62 day treatment.  Final average ΔM 
values were 2.6-4.3 wt.%.  Contrastingly, samples at 80 °C and 110 °C underwent mass 
losses an order of magnitude greater at 18.3-20.5 wt.%, a significant proportion of this loss 
occurring in the first day: 10 wt.% at 80 °C and 15-20 wt.% at 110 °C.  These higher 
temperature treatments resulted in constant mass, Mc, being reached significantly before the 
treatment end.  With 2 d ≤ Mc < 5 d at 110 °C and 12 d ≤ Mc ≤ 18 d at 80 °C.  Average mass 
loss values can be seen in Table 17 by formulation and treatment temperature.  
 
T  
/°C 
MKPC n 
∆MAvg  
/% 
St.Dev∆M 
DAvg Fin 
/g·cm-3 
St.Dev.D 
 
50 
7.4 2 3.2 0.1 1.91 0.01 
7.5 2 4.3 1.0 1.86 0.02 
7.6 2 2.6 0.5 1.91 0.03 
80 
7.4 5 18.3 0.1 1.65 0.01 
7.5 4 20.2 0.7 1.62 0.02 
7.6 4 19.3 2.3 1.63 0.01 
110 
7.4 5 19.5 0.1 1.66 0.00 
7.5 4 21.1 0.3 1.62 0.01 
7.6 2 20.5 0.0 1.60 0.001 
 
  
Table 17.  Scheme 2 average mass loss and apparent density changes on heat 
treatment of 7.4-7.6 encapsulants: 
185 
 
The theoretical density of the dry cement solids, as measured by He-pycnometry, for the 
heat treated Scheme 2 and elevated temperature cured Scheme 3 samples, are shown in 
Figure 73.  The density-age plot (left) is easily assessed once it is recognised that 
measurements of dehydrated samples (Scheme 2) occurred only at 90 days.  The early and 
late age measurements of the sealed Scheme 3 samples show an evolution similar to that 
observed with samples cured at 25 °C: a decrease in density with age correlating with 
increased binder phase production.  There are several exceptions to this trend (e.g. the 
199 d, MKPC 7.4, Scheme 3 value), which are expected to be anomalous results.  The 
impact of such measurements were minimised with averaging of repeats in previous work 
(C.f. Chapter 6). 
In comparison to this baseline trend, dehydration treatments (Scheme 2) produced clear 
alterations in material density.  Exhibited theoretical densities generally matched those of 
sealed samples (Scheme 3) after dehydration at 50 °C, while a positive temperature-density 
correlation is observed in consideration of 80 °C and 110 °C treatments.  One measurement 
defies this trend (7.5 at 110 °C) and is once again presumed anomalous.   
   
Figure 73.  Plots of individual theoretical density measurements for Scheme 2 and Scheme 3 cured 
samples against age (left) and for the Scheme 2 cured samples against dehydration temperature (right).  
Where all of the Scheme 2 measurements occurred at 90 days of age, and Scheme 3 measurements at 
the earliest and latest ages possible: generally 7 and 380 days.  Measurements are identified by the 
formulation code, scheme (Sc) and temperature. 
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7.2.4  Mechanical Properties 
The dependence of MKPC strength 
development on curing temperature from the 
point of slurry pouring is demonstrated by the 
Scheme 1 CS data presented in Figure 74.  
Elevating the curing temperature from 25 ± 3 °C 
to 47 ± 2 °C produced a marked increase in the 
rate of strength development before and after 7 
days.  This is reflected in the maximum, 
180 day, strengths reached: 18.0 MPa and 
52.8 MPa at 25 °C and 47 °C, respectively.  In 
contrast, further elevation to 72 °C retarded 
strength development in formulation 2.1: At 
1 day prisms were not sufficiently set to allow 
sample preparation, causing initial 
measurement to occur at 2 days, and the initial 
developed strength at 7 day (7.8 MPa) was 
observed to regress before the 28 day 
measurement age (1.4 MPa). 
The impact of the Scheme 2 dehydration treatment (28-90 days at 50 °C, or 28-62 days 
at 80 °C and 100 °C) on compressive strengths of MKPCs 7.4-7.6 is illustrated by Figure 75.  
The previous suggestion of post-90 day strength development in normally cured samples 
(25 °C) by increased average CS values, discussed in Chapter 6, was tentative due to the 
relative magnitude of measurement variation.  However, in 50 °C dehydrated samples this 
increase is not observed at all.  Taking into account the error bars, any potential and subtle 
impact of the 50 °C treatment on MKPC compressive strength cannot be assessed. 
A more dramatic impact of dehydration at 80 °C and 110 °C is observed in the data: A 
marked CS deterioration correlating with the time of dehydration treatment, to approximately 
constant strength thereafter.  This was found to be concurrent with a transition to brittle 
fragility and the presence of cracks within samples during dehydration, as described in 
Chapter 7.2.1.  The range in strengths measured, for the three formulations at 90 days, 
drops from 37.5-72.5 MPa under the normal (25 °C) curing conditions to 18.65-27.92 MPa 
after 80 °C and 110 °C dehydration treatments (C.f. Figure 75).   
  
Figure 74.  Average compressive strength 
(CS) verses age for MKPC 2.1 samples 
cured under elevated temperature Scheme 
1: from the point of pouring at 25 ± 3, 47 ± 2 
and 72 ± 2 °C.  Where standard deviation 
error bars are shown when larger than the 
data points themselves.  Additional details 
of the curing schemes can be found in 
Chapter 4.5.2. 
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Variation in CS values was present in the data from the 62 day oven removal point, this 
is thought to reflect a random effect based on variation in the extent of sample cracking.  
Most samples cured at 80/110 °C displayed some visible cracks, although to differing 
degrees.  This variation was visually observed to correlate with oven position and placement 
of samples on flat supports rather than open grates.  Such factors could be controlled for 
with the use of a support frameworks allowing symmetrically exposed prism surfaces.   
Figure 75.  Plots of average compressive strength (CS) verses age for MKPCs 7.4-7.6 cured under 
the normal scheme (25 ± 3 °C) and dehydrated according to Scheme 2, at elevated temperature 
(50/80/110 ± 2 °C) from 28 d.  Where standard deviation error bars are shown when larger than the 
data points themselves.  Additional details of the curing schemes can be found in Chapter 4.5.2. 
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A general mechanical property deterioration is supported by late age elastic modulus 
values exhibited by samples after the dehydration treatments, as shown in Figure 76.  At 
such late ages (> 200 days) the elastic modulus values are considered the ultimate 
obtainable by the samples.  Comparison of Scheme 2 values with those of the standard 
condition cured cements showed systematic reduction with treatment at all three 
temperatures.  The greatest reductions, approximately an order of magnitude, were 
exhibited by the 110 °C treated cements, with an approximately 50% reduction exhibited by 
the 80 °C equivalents and a reduction of several GPa suggested at 50 °C despite 
overlapping measurement ranges. 
Finally, due to the scatter inherent in the measurements, systematic variation in MKPC 
compressive strength with curing temperature elevation to 30/40/50 °C at 3 days could not 
be determined.  The overlap of the standard deviation error bars of Figure 77 proves to 
illustrate this point.  Good ultimate strengths were exhibited by samples cured at these 
temperatures, with several of the maximum values for formulation 7.4 and 7.5 in the upper 
80’s or lower 90’s (MPa), across all three temperatures.   
 
 
Figure 76.  A plot of elastic modulus verses age for MKPC 7.4-7.6 prisms cured 
under the normal scheme (25 ± 3 °C) and dehydration by Scheme 2 
(50/80/110 ± 2 °C, t > 28 d).  For details of curing conditions see Chapter 4.5. 
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Figure 77.  Plots of average compressive strength (CS) verses age for MKPCs 7.4-7.6 cured 
according to the normal scheme (25 ± 3°C) and Scheme 3, at elevated temperature (30/40/50 ± 2 °C) 
from 3 d.  Where standard deviation error bars are shown when larger than the data points 
themselves. 
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7.2.5  Phase Development by XRD  
The X-ray diffraction data collected on samples after the various elevated temperature 
schemes proved an invaluable tool in assessment of temperature dependence in MKPC 
properties.  The XRD patterns related to the elevated temperature curing of MKPC 2.1 at 
47 °C according to Scheme 1 (t > tpour), showed little effect of the temperature elevation on 
the identity of crystalline phases present on ageing.  The same phases were identified after 
curing at 47 °C as observed in low temperature (25 °C) samples (C.f. Chapters 6.2.2.3 and 
6.2.1.2).  These phases are labelled in Figure 78, scan (i), for the 25 °C cured cement and 
consist, at ages > 1 day, of K-struvite, mullite, quartz and periclase.   
  
Figure 78.  X-ray diffraction patterns of samples from MKPC 2.1 cement after various ages of curing 
at normal conditions (25 ± 3 °C) and Scheme 1 temperature elevation to 72 ± 2 °C: (i) 28 days under 
normal conditions, (ii) 7 days at 72 °C, (iii) 30 days at 72 °C, and (iv) a white crystalline precipitate 
recovered from the external of a prism after 7 days at 72 °C.  Where, background removal has been 
performed to enable pattern comparison and labels on scan (iv) represent (hkl) indices for reflections 
of MgKPO4·H2O.  The latter were determined from a calculated pattern, generated using the 
computer program of K. Yvon et al. [118] and based on the reported structure of Jovanovski et al. 
[117]. 
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Elevating the temperature further to 72 °C, however, had a profound effect on crystalline 
phase detection, as illustrated by Figure 78.  At 7 days peaks relating to the K-struvite phase 
were observed at weaker intensities than those of equivalent lower temperature cured 
samples, while at 30 days the peaks were replaced by an initially unidentified phase.  This 
same pattern was present in XRD measurements of a white precipitate covering surfaces of 
the cement prisms at 7 days.  Similarities between the unidentified peak set and other 
monohydrated phosphate phases were recognised, encouraging a search for reports of a 
MgKPO4·H2O structure.  On finding such a structure [117], a powder XRD reference pattern 
for it was calculated using the computer program of K. Yvon et al. [118] and found to match 
precisely the previously unidentified peak set.  The major reflections of the calculated 
MgKPO4·H2O pattern are labelled on the XRD of the 7 d recovered precipitate by their h, k 
and l indices in Figure 78 (iv). 
The instability of the crystalline K-struvite phase was further tested by heat treatment of 
lab-synthesised samples at 47 ± 2 °C, 60 ± 2 °C and 72 ± 2 °C for 7 days.  The XRD 
patterns resultant from the higher two temperatures are shown in Figure 79.  Each of these 
shows only a significant contribution by a single phase: MgKPO4·6H2O at 60 ± 2 °C and 
MgKPO4·H2O at 72 ± 2 °C.   
  
Figure 79.  The x-ray diffraction patterns of lab synthesised K-struvite after 7 day heat treatments at 
60 ± 2 °C and 72 ± 2 °C.  Where peaks with > 5 % of the maximum intensity above the background 
level are labelled.  The K-struvite reference pattern used was JCPDS 00-035-0812 [129], and the 
monohydrate reference pattern was calculated pattern using the computer program of K. Yvon et al. 
[118] and based on the reported structure of Jovanovski et al. [117]. 
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Further evidence of crystalline phase transitions due to curing temperature elevation 
was apparent in diffraction patterns of prisms cured according to Scheme 2; including 
34/62 day dehydration treatments at 50/80/110 ± 2 °C.  The first coincident measurement 
point for samples treated at each temperatures was 90 days.  At this age, the crystalline 
reflections apparent in the 50 °C dehydrated samples were consistent with those of previous 
low temperature cured samples, while for 80 °C and 110 °C treated samples no clearly 
identifiable crystalline binder phase was detectable.  In addition, and as shown in Figure 80, 
at these higher temperatures a pointed triangular distortion of the background intensity was 
present at 20-35 °2θ.  The position of this feature matches that of the amorphous 
contribution observed to some extent in all bulk MKPC samples and exaggerated in 1 day 
measurements (C.f. Chapter 6.2.2.3, Figure 43).   
The presence of several low intensity peaks towards the apex of the background 
distortion feature can be identified in several 80/110 °C sample XRD scans (C.f. Figure 80).  
Their general position corresponds to an area containing several intense reflections of both 
MgKPO4·6H2O and MgKPO4·H2O candidate phases.  However, the patterns of neither match 
sufficiently to allow confident assignment. 
Mixing of the dehydrated Scheme 2 sample powders with excess water produced a 
pronounced exothermic response:  the samples were detected to warm noticeably to the 
touch after addition of the water.  After 24 h of mixing followed by drying under vacuum and 
storage at low pressure (approximately 10-2 atm), XRD and DTA/TG  techniques were 
performed on the resulting powders and provided the ”rehydrated” diffraction patterns shown 
in Figure 80.  The patterns show that the identified pre-treatment K-struvite phase was 
re-established in samples dehydrated at each temperature.  For the 50 °C samples this 
meant no change in the identity of the crystalline phases detected, while at the two higher 
temperatures this equated to replacement of the pointed background distortion effect with 
the re-established K-struvite peak set.  The DTA/TG results pertaining to these rehydrated 
samples are discussed in the subsequent section.  
Finally, elevated temperature MKPC curing, at 30/40/50 °C from 3 days, according to 
Scheme 3, produced XRD data with no features distinguishable from that of the low 
temperature cured cement discussed in Chapters 6.2.1.2 and 6.2.2.3.  These results are 
therefore not discussed further, but the recorded XRD patterns can be viewed in Appendix 3, 
along with the full measurement data for Scheme 1 and Scheme 2.   
 
 
193 
 
 
 
Figure 80. The 90 day XRD patterns for samples of MKPC 7.4 dehydrated according to Scheme 2 
(C.f. Chapter 4.5) at 50 ± 2 °C, 80 ± 2 °C and 110 ± 2 °C, after standard quenching and storage (top) 
as well as mixing with excess water and drying under vacuum (bottom).  Significant peaks are 
labelled by reference to JCPDS patters 00-035-0812 (K-struvite), 00-045-0946 (Periclase), 01-083-
1881 (Mullite), 01-085-0335 (Quartz). 
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7.2.6  Differential Thermal and Thermo-Gravimetric Analysis 
Application of thermal analysis techniques (DTA/TG) to Scheme 2 and Scheme 3 
elevated temperature cured samples yielded valuable results.  The general features of these 
measurements are illustrated in Figure 81.  Samples cured under Scheme 2 were tested 
after the standard quenching regime, as well as after mixing with excess water and drying 
under vacuum.  The dehydrated and quenched samples displayed DTA traces with broader 
initial exotherms and peak energies generally/significantly reduced in 90/110 °C samples, 
respectively.  The 50-500 °C TG mass change associated with the major endotherm, was 
systematically reduced in the post-dehydration samples, mirroring the transformations 
brought about in mechanical properties and XRD traces.  These mass loss values were 
found relatively consistent on ageing after treatment, and average “ultimate” ΔM values can 
be viewed in Table 18, while individual mass losses plotted against age are shown in Figure 
82. 
80°C Rehydrated 
110°C Rehydrated 
80°C Normal 
110°C Normal 
Key: 
Figure 81.  Displaying TG/TGA measurement traces for Scheme 2 cured samples of 
MKPC 7.4 at 90 days after both (i) the normal quenching regime and (ii) a 
rehydration process involving mixing sample powder with excess water for 24 hours 
and drying under vacuum. 
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Table 18.  Average 50-500°C TG mass loss values for Scheme 2 dehydrated MKPC 
samples, post dehydration treatment, as well as the post-/pre-treatment ratio calculated 
using these average values and the 28 day equivalent as reported in Chapter 6.2.2.6. 
MKPC 
TTreat  
/°C 
Mean ΔMPost  
/% 
St.Dev. 
ΔMPost/ΔMPre 
/% 
7.4 
50 -20.14 1.31 1.05 
80 -6.77 0.38 0.35 
110 -5.82 0.51 0.30 
7.5 
50 -20.73 0.43 1.02 
80 -7.06 0.44 0.35 
110 -5.84 0.35 0.29 
7.6 
50 -20.51 0.20 0.99 
80 -6.99 0.62 0.34 
110 -5.59 0.25 0.27 
Figure 82.  Plots of individual TG 50-500°C mass loss values against age, for formulation 7.4-7.6 
samples cured under both the normal conditions (25 ± 3°C) and dehydration by Scheme 2 
(50/80/110 ± 2 °C).  Differing plots separate data by formulation and as one group. 
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The large difference between the TG mass loss of normally cured or 50 °C dehydrated 
samples compared with the samples after 80/110 °C treatments is clear from Figure 82.  
With the after/before dehydration ratio of ΔM50-500°C values roughly the same for each 
formulation: around 1, 0.35 and 0.30 for 50 °C, 80 °C and 110 °C treatments, respectively.  
The rehydrated sample DTA/TG traces contain features consistent with those of 
samples cured at ≤ 50 °C, producing mass loss values consistent with full reaction according 
to Equation (21).  For example, MKPC 7.4 exhibited rehydrated ΔM50-500°C values of 22.03 %, 
20.95 % and 21.05 % producing calculated extent of reactions of 1.01, 0.95 and 0.95 after 
50 °C, 80 °C and 110 °C dehydration treatments, respectively.  This supports the validity of 
using the 50-500 °C mass loss as a metric for the extent of reaction.  Further, measurement 
of ΔM50-500°C on powders after the excess water treatment could provide a means of internal 
calibration for αmax in future work, reducing the inaccuracy in this technique related to 
sampling of heterogeneous samples and inter-batch formulation variations. 
The Scheme 3 (30/40/50 °C, t > 3d) cured samples exhibited TGA traces with features 
consistent with all other samples exposed to ≤ 50 °C.  As before (C.f. Chapter 6.2.2.6), 
50-500 °C mass loss values of 16-21 % were observed.  As a result the data is not shown 
here explicitly, however, calculated extent of reaction values based on this data are 
discussed in the subsequent analysis (C.f Figure 83).   
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7.3  Analysis 
7.3.1  Elevated Temperature Curing for Corrosion Trial Temperature Rage 
Development 
The initial scheme of elevated temperature curing, from the point of pouring, was aimed 
to establish the effect of elevated temperature on the kinetics of formation and ultimate 
properties of MKPC.  The selection of suitable corrosion trial temperatures, based on the 
understanding gained in these areas, was an ultimate objective.  The primary consideration 
for the selection of suitable temperatures was to minimise the structural and chemical MKPC 
property changes effected by temperature elevation, relative to samples under ambient 
conditions.  Thereby, safeguarding the relevance of the trial outcomes to low temperature 
applications.  Secondary to this consideration was the desire to select the highest 
practicable trial temperatures in order to maximise acceleration of corrosion dependent 
kinetics and thereby extend the predictive scope of any trial conclusions.   
The results from this initial work, Scheme 1 on MKPC 2.1, showed emphatically that 
significant changes to MKPC properties occur by elevating the curing temperature from 
25 ± 3 °C to 47 ± 2 °C or 72 ± 2 °C.  This is despite the only data collected being from CS 
and XRD measurement with age.  For the 47 ± 2 °C cured samples, the points of difference 
exclude crystalline composition, while significant improvement was observed in CS 
development.  This strongly suggests that effects from this degree of temperature elevation 
are restricted to acceleration of initial chemical kinetics and therefore setting and strength 
development in the cement.  Conversely, elevation to 72 ± 2 °C altered the crystalline binder 
phase and reduces the strengths achieved. 
Understanding gained in previous work (C.f. Chapter 6) on strengthening in MKPC, 
suggests that the higher ultimate strengths reached at 47 °C reflect lower degrees of 
porosity within the cement.  Furthermore, the majority of the chemical reaction occurs within 
the first few days, while significant strengthening is delayed until a transitional porosity 
(Ptrans) is reached.  It is therefore hypothesised that the improved strength at 47 °C is due to 
a greater degree of reaction occurring within the first few days, prior to the significant 
restriction of through-matrix reactant diffusion.  This would bring forward the attainment of 
Ptrans and likely increases the ultimate extent of reaction attained in the material.  
Increasing the curing temperature from the point of pouring to 72 ± 2 °C was observed to 
shift the impact on cement properties from kinetic acceleration to early retardation, as well as 
altering the ultimate binder identity and limiting long-term strength.  The retardation effect is 
reflected in the slower setting and low early strength observed.  Transformation of the XRD 
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identified dominant crystalline phase from the hexahydrate to the monohydrate form of 
magnesium potassium phosphate (between 7 and 30 days) shows the thermodynamic 
susceptibility of the K-struvite binder systems to temperature increase (C.f. Figure 78).  This 
evidence correlates with the earlier observation of double peak tip in the major DTA 
endotherm of many MKPC samples (C.f. Figure 56), which is hypothesised to reflect a 
staged K-struvite dehydration mechanism. 
The XRD traces of lab-synthesised K-struvite after heat treatments, as shown in Figure 
79, act as supporting evidence in the instability of the MgKPO4·6H2O phase.  With the 
existence of a stability ceiling temperature for K-struvite of between 60 °C and 72 °C 
explaining the XRD identification of the dominant crystalline phase as MgKPO4·6H2O and 
MgKPO4·H2O after 7 day treatments at 60 °C and 72 °C, respectively.  It can therefore be 
confidently asserted that the initial binder phase is unchanged at 72 °C despite the 
retardation of the initial reaction, and that over time the K-struvite formed is converted to the 
monohydrate phase.  This could occur by either dehydration or dissolution/re-precipitation 
mechanisms.  The presence of MgKPO4·H2O on the external prism surfaces at 7 days, 
suggests that the rate of this conversion is sensitive to the crystal environment.  The high 
relative humidity or the presence of water are both strong candidates for causing the > 7 day 
incubation period for the decomposition of K-struvite within the cement prisms.  Finally, the 
occurrence of K-struvite conversion after the 7 day testing point correlates with the maximum 
CS value being measured at 7 days, with deterioration in CS exhibited thereafter. 
The determination of a stability ceiling temperature for K-struvite within the 60-72 °C 
range placed a 60 °C limit on potential corrosion trial temperatures.  However, as a lower 
temperature limit for the conversion of the primary binder phase over timescales > 7 days 
was not established, the maximum corrosion trial temperature selected was 50 °C.  Further, 
a temperature of 30 °C was assessed to be the lowest which a water-bath could reliably 
maintain.  The three selected trial temperatures were therefore 30 °C, 40 °C and 50 °C.  
Finally, as the majority of the chemical cement evolution had been strongly suggested to 
occur within the first few days, the decision was made to keep MKPC/U-metal wasteforms at 
ambient temperature for 3 days.  The intention: to mitigate the alteration of MKPC properties 
due to accelerated chemical kinetics at elevated temperature, so that essentially only the 
corrosion is accelerated. 
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7.3.2  The Establishment of Cement Properties at Corrosion Trial 
Temperatures 
The characterisation of MKPC samples 
with curing according to a scheme replicating 
corrosion trial conditions was undertaken to 
determine property variation with temperature 
elevation to 30/40/50 °C from 3 days, and 
thereby establish base-line MKPC properties 
for the trials.  No significant differences were 
detected in the data collected on the Scheme 
3 samples.  This included cement 
compressive strength, crystalline phase 
composition (XRD), and both the DTA 
characteristics of, and TG mass losses 
exhibited in, thermal analysis.  This 
correlation of Scheme 3 properties with those 
of the 25 °C samples, matches the 
observation of the first few days as key in 
MKPC property determination, as described 
in Chapter 6.   
The extent of reaction, α, of the cement, 
calculated from the 50-500 °C TG mass 
losses based on dehydration of K-struvite 
according to Equation (44), has been shown 
to provide an accurate metric for the evolution 
of properties in the 25 °C cured samples.  
Individual values calculated for MKPCs 
7.4-7.6 cured according to Scheme 3 are 
shown in Figure 83 alongside those of the 
25 °C cured samples.  Despite the previous 
ability of this technique to determine 
differences in cement kinetics based on 
formulation, no systematic variation with the 
3 day temperature elevation is apparent. 
  
Figure 83.  Extent of reaction values 
calculated from 50-500°C TG mass losses 
versus age for MKPCs 7.4-7.6 cured at 
25±3°C throughout and moved to 
30/40/50±2°C from 3 days.  The α-age 
relationship, Equation (52), fitted to 
experimental data (C.f. Chapter 6.3.2) is 
shown in grey. 
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The reported evidence therefore supports the previous hypothesis that the major portion 
of structural change takes place at early ages and suggests that 3 days is too late for 
significant change in MKPC properties to be brought about by the temperature elevation of 
sealed samples.  Based on this evidence it can be confidently asserted that corrosion trial 
MKPC properties would not have been significantly altered, relative to 25 °C cured samples, 
due to the curing scheme used.  Therefore, corrosion trials were expected to achieve 
acceleration of corrosion kinetics without complications due to structural or chemical 
alterations of the cement matrix. 
 
7.3.3  The Impact of Dehydration Treatments on MKPC Properties 
Assessing the impact of dehydration treatments at 50, 80 and 110 °C provided 
significant understanding to an area of research so far generally neglected: the thermal 
stability of MKPC.  The initial Scheme 1 work suggested thermal instability of K-struvite at 
relatively low temperatures (< 72 °C).  Further investigation of potential heat treatments was 
of interest due to potential for the removal of water otherwise available for uranium 
corrosion.  The dramatic colour change of MKPC prisms from brown/black to light grey on 
increasing the treatment temperature from 50 °C to 80/110 °C suggested immediately that 
significant changes to the system properties had occurred.  This correlated with the 
observance of cracking in the higher temperature prisms and significant reductions in 
mechanical properties (C.f. Figure 75). 
The amount of free water and K-struvite binder in each MKPC formulation at initiation of 
the dehydration treatments (28 days) was calculated based on TG mass loss values, as 
previously described in Chapter 6.  Comparison of dehydration treatment prism mass 
changes and 50-500 °C TG mass losses of samples after dehydration with these 
calculations allowed assessment of mass loss origins and the likely stoichiometry of the 
remaining binder phase.  Such comparisons are presented in Table 19, alongside the 
dehydration mass losses themselves.  The large difference in magnitude between the 50 °C 
and 80/110 °C prism mass losses, taking into account the instability of MgKPO4·6H2O 
observed at 72 °C, clearly identifies a similar loss of binder-bound water at these higher 
temperatures.   
The average 50 °C mass losses observed are on the same order of magnitude as TG 
calculated free water contents of the cements at 28 days (C.f. Table 17 & Table 19).  
Although prism mass losses at 50 °C correspond to > 100 % free water in 2/3 cases, the 
highest of these values was based on an average with significant standard deviation 
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(4.3 ± 1 %).   The 95% confidence interval for the 50 °C mass loss of each formulation, 
based on standard deviations in Table 17 overlaps sufficiently to support the loss of the 
majority of the free water during the dehydration treatment.  This evidence supports the 
failure to determine any evolution in sample properties after the treatment point, in 
suggesting that the potential for significant evolution is lost along with the majority of the 
reactive water.   
The evidence accumulated on the product of dehydrating the cement binder phase at 
80/110 °C provides numerous insights into its nature.  Firstly, the mass loss data provides 
estimations of the stoichiometry of water in the binder product formed by dehydration, X in 
MgKPO4·XH2O, as shown in Table 19.  The calculations of X based on prism mass losses 
are consistently lower than those based on the TG data and show less agreement between 
formulations.  However, in this analysis the TG based values are considered of high 
accuracy, based on the proven quality of the methodology and the lower standard deviations 
of mass losses obtained by the technique (0.13-0.2 compared to 0-2.3).  Therefore, product 
water stoichiometries, XDTA, of 2.0-2.1 and 0.5-0.6 after temperature treatments at 80 °C and 
110 °C, respectively, can be confidently reported.   
The XDTA product stoichiometries do not support the presence of a well-defined 
monohydrate phase, as indicated by XRD for samples cured at 72 °C from t>tpour (C.f. Figure 
78).  This correlates with the XRD data collected on the Scheme 2 samples, in which an 
amorphous background distortion replaced the crystalline binder phase reflections of 
pre-treatment samples (C.f. Figure 80).  Furthermore, it is clear from the stepped increase in 
90 day theoretical density measurements with dehydration temperature (C.f. Figure 73), that 
the density of the binder phase increases significantly from 80 °C to 110 °C.  A phenomenon 
explained by the dehydration of an amorphous or semi-crystalline phase.   
Table 19.  Scheme 2 dehydration treatment prism mass losses and values of the percentage of free 
water (Wfree) and binder stoichiometry (Xdehy) they imply, calculated using 28 day TG data.  Comparison 
values for binder stoichiometry determined by comparison of TG mass losses before and after the 
treatments (XDTA) are also shown: 
 Dehydration Mass Change 
TG/Manually Determined XH2O for 
Remaining Binder (MgKPO4·XH2O) 
MKPC 
ΔM50°C ΔM80°C ΔM110°C XDehy, 
80°C 
XDehy, 
110°C 
XDTA, 
80°C 
XDTA, 
110°C /wt.% /wt.% Wfree /wt.% /wt.% 
7.4 3.2 105 18.3 19.5 1.1 0.7 2.1 0.6 
7.5 4.3 122 20.2 21.1 0.9 0.6 2.1 0.6 
7.6 2.7 86 19.3 20.5 1.1 0.8 2 0.5 
Where mass loss standard deviations can be found in Table 18. 
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The broad apex of the amorphous XRD diffraction hump (20-35 °2θ), corresponds with a 
crowded region in patterns of both K-struvite and the equivalent monohydrate, as well as the 
less defined background hump present in normally cured samples and exaggerated at early 
age (1 d) .  The feature is therefore thought to reflect the disordering of either crystalline 
binder phase, but most likely K-struvite, by H2O removal to produce disruption in the 
long-range crystalline order whilst maintaining some degree of order over a reduced 
distance.  This reduced order range is thought to be reflected by plane spacing values 
distributed about that corresponding to the feature’s apex, so as to create the breadth of 
intensity observed. 
A final point to address with respect to the nature of the dehydration products, is the 
exothermic rehydration process observed to occur on contact between water and 80/110 °C 
dehydrated samples, and to affect the re-establishment of a K-struvite reflection set within 
sample XRD patterns.  This supports the existence of reversible dehydration/rehydration 
equilibria between K-struvite and the 80/110 °C dehydration products.  While the energetic 
output of this equilibria is not well understood, it has been qualitatively observed to produce 
a significant amount of heat, a factor that should be well considered before application of the 
technology. 
As a result of the accumulated evidence, it can therefore be asserted that the 
dehydration at 80 °C and 110 °C produces amorphous or semi-crystalline products 
containing molar W/P ratios of around 2.0-2.1 and 0.5-0.6, respectively, while slower 
dehydration due to environments with the presence of more water and/or lower temperature 
(72 °C) can produce a crystalline monohydrate binder.  The implied loss of a greater degree 
of the bound water at the lower temperature of 72 °C than at 80 °C is curious, and may imply 
that the disorder produced by more rapid crystalline decomposition results in a trapping 
effect, requiring higher temperatures to overcome. 
Deterioration of mechanical properties in 80/110 °C dehydrated prisms is easily 
explained by binder phase shrinkage under dehydration, producing through-matrix cracking. 
Cracking was observed directly on macro- and micro-scales by visual inspection and SEM, 
respectively.  Although reduced, ultimate dehydrated cement compressive strengths were 
still around 20 MPa.  However, the nature of the dehydration process means mechanical 
properties will vary with sample geometry, surface accessibility and relative humidity during 
dehydration.  Additionally, matrix shrinkage around a thermally constant or expansive 
material such as U-metal could be expected to produce significant wasteform cracking.  
Therefore, while providing useful insight into the temperature stability of MKPC, the Scheme 
2 type dehydrations at temperatures of ≥ 72 °C cannot be recommended as useful 
treatments for the reduction of water within U-metal containing wasteforms.   
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7.4  Conclusions 
The assessment of MKPC characteristic dependencies on elevated temperature curing 
has uncovered several significant effects.  Firstly, the acceleration of MKPC strength 
evolution, limited to elevated temperature curing within the first 3 days and providing that the 
temperature does not exceed the K-struvite stability ceiling temperature.  After the 3 day 
age, no measurable effects of elevating the curing temperature to as high as 50 °C were 
detected.  Hence, corrosion trials in which the samples are heated after 3 days of initial 
curing will essentially only accelerate the corrosion of the uranium metal and not cause 
structural or chemical changes to the cement, which is the ideal case. 
Secondly, the binder phase stability ceiling temperature was suggested by this work to 
be between 60 and 72 °C.  A 72 °C temperature was shown to retard initial cement setting, 
and be sufficient for transition of the main binder phase to MgKPO4·H2O.  By contrast, during 
higher temperature dehydration treatment the cement binder was shown to undergo 
reversible dehydration to amorphous/semi-amorphous binder products with molar W/P ratios 
of 2.0-2.1 and 0.5-0.6 at 80 °C and 110 °C, respectively.  In each case transition of the 
binder phase to less hydrated forms correlated with increased theoretical density of cement 
solids and the presence of macro- and micro-scale cracking.  The latter is ascribed as the 
cause of the marked reductions in mechanical properties which were also coincident.   
 Finally, the deleterious effect of the dehydration treatments on mechanical properties 
was found not to rule out the use of the treatments for application on MKPC/U-metal 
wasteforms, as ultimate strengths of around 20 MPa still meet the requirements of the 
application.  However, the shrinkage phenomenon at the root of this change in properties is 
expected to render the treatments unsuitable due to the implied cracking of the wasteform 
around the metal waste.   
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8  Corrosion Assessment for MKPC Encapsulated Uranium 
Metal 
8.1  Introduction 
This chapter is concerned with corrosion behaviour assessment for MKPC encapsulated 
metallic uranium.  This was achieved by performing 18 MKPC corrosion trials, at three 
temperatures (30 °C, 40 °C and 50 °C) on natural uranium metal encapsulated within the 
three encapsulant formulations selected in Chapter 5 (7.4-7.6), following the methodology 
described in Chapter 4.6.   
Encapsulant formulations were selected on the basis of balancing low water content with 
expansion resistance, durability aspects and processing acceptability.  The hypothesis was 
that the low water content of the cement along with the possibility of intermediate pore pH, 
low-solubility phosphate phase microencapsulation and phosphate layer passivation could 
produce favourable corrosion behaviour compared to current encapsulant technologies.  A 
particular concern is the formation of pyrophoric UH3, which has been observed in corroded 
PC based Umetal wasteforms [119] and poses a significant fire risk.  Therefore, the main aims 
were the measurement of anoxic corrosion rates, along with the physical and chemical 
characterisation of the corroded wasteforms through selective decommissioning.   
Elevated curing temperatures were used after 3 days at ambient conditions to accelerate 
chemical reaction kinetics and to examine the temperature dependency of uranium corrosion 
rates.  The selection of these temperatures, along with the characterisation of the base-line 
encapsulant properties at each temperature scheme was explained in the previous chapter, 
Chapter 7.   
The final set of corrosion trials included duplicate trials of each of the three encapsulants 
at each temperature: 18 trials in all.  Due to the expansion problems experienced with the 
original mixes, not all corrosion trials were started at the same time.  Specifically, trials with 
mix 7.4 were started 115 days before those with mixes 7.5 and 7.6.  As only selected trials 
were decommissioned, there are trials ongoing at the point of writing.  This created two 
cut-off points for trial analysis: the decommissioning date and the selected data cut-off point 
for ongoing trials.  As a result there are 4 trial lengths reported, reflecting the two start and 
two cut-off dates: 668 days (7.4 ongoing), 553 days (7.5/7.6 ongoing), 472 days (7.4 
decommissioned), and 357 days (7.5/7.6 decommissioned).  Trials are referred to 
subsequently by codes in the form of “Formulation-Temperature-Repeat”, e.g. 7.4-50°C-2. 
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8.2  Results 
8.2.1  Corrosion Trials Pressure and Temperature Data 
8.2.1.1  Trial Faults and Data Confidence Levels 
The corrosion trials were run in collaboration with The NNL at the Springfields facility, 
and benefitted from in-house experience of running trials of a similar nature.  This allowed 
the behaviour of trial pressure and temperature signals to be judged against a baseline of 
expected behaviours.  The expected behaviours can be summarised as a combination of 
chemical and structural effects, with the former representing pressure changes resulting 
from chemical reactions within the trial and the latter pressure and temperature changes due 
to the applied methodology.  The expected chemical and structural effects on signal 
behaviour are summarised in the lists below: 
 
Chemical 
C1. An initial, non-linear decrease in 
pressure due to oxic corrosion, with a 
rate reducing with the O2(g) partial 
pressure. 
C2. A subsequent anoxic induction period of 
approximately constant pressure. 
C3. Anoxic pressurisation due to H2(g) 
production. 
 
 
 
 
Structural 
S1. Temperature and pressure 
increase/decrease due to trial 
movement in/out of water bath or bath 
being off for maintenance. 
S2. Jump to high pressure due to N2(g) 
pressurisation for leak testing. 
S3. Pressure drop due to venting of 
pressurised trial. 
S4. Total signal absence due to 
disconnection of sensors for trial 
movement/maintenance or sensor 
malfunction. 
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Two examples, from the 7 of 18 trials which displayed expected behaviour, are shown in 
Figure 84.  Each trial was started with a high pressurisation period for leak testing, after 
which the trials, if still at pressure were vented to just above ambient level.  Any trials 
pressurising thereafter were vented periodically, producing a characteristic stepped pressure 
trace in anoxic trials, as seen in Figure 84.  Only 1 of the 7 exhibited no pressurisation within 
the duration of the trials: 7.6-30 °C-1 (C.f. Figure 84).  Plots of data for the 5 of the 7 
“expected behaviour” trials not displayed in Figure 84 can be viewed in Appendix 3. 
A range of behaviours outside of the expected were exhibited by 11 out of the 18 trials.  
Such deviations were generally suggestive of faults, for which trial data analysis allowed the 
identification of potential causes.  The fault effects observed are illustrated in Figure 85 and 
are summarised here: 
Figure 84.  Showing pressure and temperature plotted against time for two corrosion trials of 
formulation 7.6: 50 °C repeat 2 (top) and 30 °C repeat 1.  Where each trace is plotted against the 
x-axis of the corresponding colour and the temperature drops to outside the plotted range reflect 
periods of either trial maintenance or heating systems being off (C.f. Chapter 4.6.3.3.5). 
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Fault Effects 
F1. Instantaneous pressure jumps of varying magnitudes. 
F2. A pressure signal fluctuation in both directions by at least tens of millibar over a time scale of 
several days irrespective of overall gradient. 
F3. A pressure signal which decreases at constant temperature rapidly, rather than maintains, 
following pressurisation with inert gas. 
F4. A pressure signal which, after a pressure drop accompanying a temperature drop, on return to 
the set elevated temperature experiences a pressure spike.   
 
 
 
Faults F3 and F4 are both thought to be solely symptoms of an open system, as the 
sharp pressure decline in both can be explained by the leaking of gas from the vessel.  In 
the case of F3 this occurred after pressurisation for leak testing.  By contrast, in F4 this 
occurred after a pressure jump due to the re-establishment of the experimental temperature 
following a period in which heating systems were off-line.  This is suggestive of atmospheric 
ingress at low temperature increasing the amount of gas in the vessel.   
Figure 85.  Showing corrosion trial pressure traces thought to show symptomatic of 
faults F1 to F4 (top), and the corresponding traces of trials behaving in the manner 
expected (bottom).  Where the example of the expected behaviour is displayed 
directly below the relevant fault. 
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Potential sources of type F1 & F2 faults are pressure measurement/relay malfunction or 
leaks brought about by gasket malfunction.  The former is supported by the occurrence of 
these faults at high pressure in the absence of an overall pressure gradient, as well as 
coincident with anoxic pressurisation of trials.  This coincidence can be observed for trials 
7.4-50°C-1 and 7.4-40°C-2 in Figure 86 and Appendix 4, respectively, and is suggestive of 
an absence of O2(g) ingress.  The presence of F1 & F2 faults in 7.4 trials strongly correlates 
with the need to replace corroding vessel gaskets, due to manufacturer error, and the 
subsequent use of PTFE gaskets eventually found to self-loosen.  These correlations are 
noted in Table 20.  However, F2 type signals are also present in other trial data after F3/F4 
type pressure drops reach ambient pressure.  This F2 signal type is therefore also thought to 
reflect the response of an open trial system responding to ambient condition drift.  In which 
cases, a negligible overall gradient is present (C.f. trial 7.6-50°C-1 at > 410 days, Figure 86).   
Trials which displayed assumed deviant behaviour on the basis of symptoms F1-F4 
were made the subject of numerous attempts at fixing problems, following the general 
method described in Chapter 4.6.1.4.  This maintenance process was delayed due to the 
difficulty in identifying faults with confidence.  For example, there was a general difficulty in 
distinguishing between negative pressure gradients due to leaks and those produced by oxic 
corrosion.  Both may vary across overlapping ranges depending on conditions.  As a result 
of this difficulty and the commonality of trial faults there is an overall lack of confidence in the 
leak-free condition of non-pressurising trials, even in the absence of error signals.  
Therefore, no attempt has been made to judge the length of pre-anoxic incubation periods in 
those trials which did not undergo pressurisation.   
Additionally, as the presence of significant O2(g) (100 > ppm) is reported to inhibit anoxic 
corrosion [9], anoxic corrosion periods of trials inherently suggest a system free from 
atmosphere ingress.  However, anoxic pressurisation was observed in several cases 
alongside F1/F2 type signal faults.  In this work a high degree of confidence has been 
reserved for trials exhibiting both anoxic pressurisation and pressure signal stability, as 
indicated by the absence of faults F1-F4.   
Using this reasoning as a basis for assigning data confidence levels, we can divide the 
trials into four groups: (i) Conformant, (ii) Deviant-Constant, (iii) Transitional to Deviant and 
(iv) Transitional from Deviant.  Examples of each are shown in Figure 86.   
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   Figure 86.  Showing corrosion trial pressure and temperature data against time for example trials from 
each of the four trial categories, where the trial code and category title are displayed above each plot.  
Where each trace is plotted against the x-axis of the corresponding colour and the temperature drops 
to outside the plotted range reflect periods of either trial maintenance or heating systems being off 
(C.f. Chapter 4.6.3.3.5). 
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Category (i) includes only trials which behaved within expectations throughout their 
duration.  Contrastingly, category (ii) trials exhibited the same fault symptoms consistently 
throughout their duration.  The category (iii) and (iv) trials exhibited two distinct periods: one 
containing fault symptoms, assumed to reflect leaks (F3 &/or F4 present), and one 
conforming to expected behaviour.  Category (iii) and (iv) trials underwent transitions to and 
from deviant behaviour, respectively, with the former generally thought to reflect pressure 
release valve malfunction, and the latter the success of maintenance attempts.   
As a result of the high level of confidence in category (i), this data was used for 
incubation period assessment and anaerobic corrosion rate calculations.  Category (ii) data 
was not deemed of quantitative quality, despite the presence of pressurisation in one case.  
The combination of pressure signal consistency and anoxic corrosion during category (iii) 
and (iv) conformant periods resulted in a high level of confidence in the data quality during 
these periods.  This data was therefore considered suitable for anoxic corrosion rate 
calculations.  The trial behaviours are summarised in Table 20 and the raw pressure and 
temperature data is shown either in Figure 84, Figure 86, or Appendix 4.   
Two encapsulant 7.4 trials exhibited anoxic pressurisation during fault (F2) periods: 
7.4-40°C-2 and 7.4-50°C-1.  Data on the cumulative anoxic corrosion of uranium (C.f. Figure 
87) shows the faulty 7.4-40°C-2 trial to have a consistent gradient lower than that of the flaw 
free 7.4-40°C-1.  Additionally, the fault free period of 7.4-50°C-1 has a significantly higher 
gradient than the earlier faulty period.  The 7.4-50°C-1 fault-free gradient also agrees well 
with the range observed in other 50 °C trials: 0.0077-0.0104 kg·m-2·d-1 (C.f. Table 21).  
These points suggest that the similar F2 signals exhibited by the two trials are a result of gas 
loss leading to a reduced pressurisation gradient.  
Figure 87.  Calculated anoxic corrosion verses time for three trials of 
encapsulant 7.4.  Trials are identified by “Temperature-Repeat”, e.g. 40-2 
denotes the second 40 °C repeat. 
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Interestingly, the transition from faulty to stable in 7.4-50°C-1 occurred not at a point of 
maintenance but concurrent with a pressure jump due to temperature re-establishment.  
Temperature re-establishment from ambient has been observed to effect 50 °C trial 
behaviour in another way: In trials 7.6-50°C-1 and 7.5-50°C-2 a pressurisation gradient 
reduction is observed after a similar pressure jump.  It is expected that faulty pressure 
release valves responding to the pressure jump caused the behaviour changes in these two 
cases, producing a slow leak which reduced the exhibited pressurisation gradient, as 
illustrated in Figure 88.  The gradient impact for trial 7.5-50°C-2 was slighter than that 
illustrated below for 7.6-50°C-1.  As a result of this effect, only pressurisation data from prior 
to the reestablishment point was used for rate calculation in these two trials.  No other trials 
display clear behaviour changes at equivalent re-establishment points. 
Figure 88.  Displaying the raw pressure and calculated anoxic uranium corrosion signals verses time 
for trial 7.5-50°C-1.  Also shown, to illustrate the corrosion gradient transition at the marked point of 
temperature re-establishment, are lines representing linear-fits to both the early (< 230 d) and late 
(> 230 d) stages of the corrosion signal. 
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 Table 20.   
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Table 20.   
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8.2.1.2  Wasteform Corrosion Behaviour from Trial Data 
There is a high level of confidence in the trial data from anoxic pressurisation periods of 
category (i), (iii) and (iv) trials.  This amounts to 12/18 of the corrosion trials and 12/13 of the 
trials which pressurised.  Data treatment over these anoxic periods, according Chapter 4.6.3, 
generally demonstrates linear relationships between U corrosion and time, as illustrated by 
Figure 89.  Linear regression analysis of this data provides estimates for the rate of anoxic 
corrosion in each trial.  These rates are displayed in Table 21. 
Individual trial anoxic corrosion rates were calculated to a high degree of accuracy (C.f. 
Table 21) due to the establishment of a stable linear corrosion-time relationships after initial 
periods of fluctuating rate.  The length of the fluctuation period (∆tVar) was judged 
qualitatively, but seems to display random variation across the assessed trials.   
 
Table 21.  Data relating to anoxic corrosion periods of select trials, including corrosion rates (k), anoxic period 
(ΔtAnox), initial variable rate period (ΔtVar) and rate calculation period (ΔtCalc) lengths, as well as the calculated 
mass of U-metal consumed by anoxic corrosion (ΔMU): 
  The Anoxic Trial Period The Rate Calculation Period 
Trial ID Category 
∆tAnox 
/ d 
ΔMU in ∆tAnox 
/ g 
∆tVar 
/ d 
∆tCalc  
/ d 
k* 
/ kg·m·-2·d-1 
kˣ 
/ mol·m·-2·d-1 
7.5-30°C-1 (i) 466 1.65 7 459 0.0018 0.0074 
7.5-30°C-2 (iii) 71 0.23 2 69 0.0011 0.0046 
7.6-30°C-2 (iv) 338 0.02 25 313 0.0021 0.0090 
7.4-40°C-1 (iv) 168 1.11 46 122 0.0046 0.0193 
7.5-40°C-2 (iii) 120 1.19 20 100 0.0041 0.0174 
7.6-40°C-1 (i) 334 1.83 60 274 0.0045 0.0190 
7.6-40°C-2 (i) 536 0.81 43 493 0.0033 0.0140 
7.4-50°C-1 (iv) 455 4.63 13 123 0.0099 0.0415 
7.5-50°C-1 (i) 542 7.43 46 496 0.0077 0.0325 
7.5-50°C-2 (i) 332 5.38 59 150 0.0104 0.0438 
7.6-50°C-1 (iii) 349 4.12 37 172 0.0083 0.0350 
7.6-50°C-2 (i) 344 5.20 15 329 0.0089 0.0374 
 
Where the standard errors at 95% confidence were within 3x10-7 to 9x10-6 for k* and 1x10-6 to 4x10-5 for kˣ. 
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Figure 89.   
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It was possible to assess rate variation between duplicates for 7.5 at 30 °C & 50 °C and 
7.6 at 40 °C & 50 °C, as well between the trials at each temperature, as displayed in Table 
22.  The degree of duplicate variation is significant, but not unexpected based on the 
complexity of the experiment.  There is comparatively good agreement between the trails at 
each temperature, emphasising a clear dominance of thermal over formulation effects on 
kanoxic.   
 
 
 
 
 
 
 
 
 
 Finally, the limited assessment of incubation periods, as described in Chapter 
8.2.1.1, has yielded the data displayed in Table 23.   
 
 
  
Sample Set n 
kmean 
/kg·m-2·d-1 
Standard 
Deviation 
/% 
7.5, 30 °C 2 0.0014 33 
7.6, 40 °C 2 0.0039 21 
7.5, 50 °C 2 0.0091 21 
7.6, 50 °C 2 0.0086 5 
All, 30 °C 3 0.0017 32 
All, 40 °C 4 0.0041 14 
All, 50 °C 5 0.0091 12 
  
Δt Incubation at  
Trial Temperature /d 
MKPC Repeat 30 °C 40 °C 50 °C 
7.4 
1 85 <500 <14 
2 - <385 - 
7.5 
1 - - 25 
2 <72 <150 19 
7.6 
1 >553 19 <370 
2 <240 14 11 
Table 22.  Anoxic U corrosion rate mean and 
standard deviation values for duplicate and 
temperature sample sets: 
Table 23.  Pre-anoxic incubation period 
assessment for the corrosion trials: 
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8.2.2  Corrosion Trial Decommissioning and Analysis 
Four corrosion trials were selected for decommissioning.  The highest curing 
temperature, 50 °C, was the main focus of this work.  Since, at 50 °C acceleration of 
corrosion kinetics should have yielded more corrosion products, which would enhance the 
chance of detecting subtle phenomena.  Therefore, one trial of each formulation at 50 °C 
was chosen along with a single trial at 40 °C, with the latter aimed at allowing assessment of 
temperature variation effects in U/MKPC wasteforms.  The trials selected were: 7.6-40°C-1, 
7.4-50°C-1, 7.5-50°C-2 and 7.6-50°C-2.  Where possible trials from category (i) were 
selected, including 7.6-40°C-1 as the elected 40 °C trial.   
The decommissioning work was carried out when the trials were 357 days old, with the 
exception of 7.4-50°C-1 which had been running for 472 days.  It started with trial gas-MS, 
followed by the trial dismantling, visual inspection and sample collection, and finally sample 
analysis by XRD, SEI/BSI/EDX and thermal analysis. 
 
8.2.2.1  Mass Spectroscopy of Trial Ullage Gasses 
Corrosion trial ullage gas sampling via gas MS analysis, according to Chapter 4.6.2.1 
was performed on trials selected for decommissioning along with two others.  The additional 
trials. 7.6-40°C-2 and 7.6-50°C-1, served to facilitate development and testing of the test 
methodology.  This methodology involved pressurisation-depressurisation cycles of the 
vessel with carrier gas (9.9 pm ± 2 % H2 in Ar).  As a result of this, along with the range of 
trial pressures present, the analysis traces of the trials differ.  Examples of trial MS traces, 
trials 7.6-50°C-1 and 7.6-40°C-2, are shown in Figure 90. 
The noise region in each trial is clearly discernible at partial pressures of < 0.011 mbar.  
While initial Ar and H2O signals correspond to carrier gas sampling prior to the opening of 
the trial access valve.  Subsequent ullage gas sampling produced a clear change in MS 
signals in each trial.  In 5 of the 6 trials, exemplified in Figure 90 by 7.6-40°C-2, measurable 
increases in H2(g), CH3(g), H2O(g) and N2(g) signals were observed, and the absence of O2(g) 
was confirmed.  The MS detection limits for direct sampling were 20 ppm for O2(g) and 
500 ppm for H2(g).  However, due to the dilution of ullage gas with varying carrier gas 
pressure, the measurements were not quantitative.  Based on the relative magnitudes of trial 
and air signals we can confidently say that there were significant amounts, likely > parts per 
thousand, of H2(g), H2O(g) and N2(g) within these trials.  With CH4(g) strongly suggested and 
requiring confirmation by GC (Gas Chromatography) analysis, and oxygen was not present 
in comparable amounts. 
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Conversely, trial 7.6-50°C-1 exhibited only O2(g) and N(2)g signal changes.  The pressure 
of ullage gas sampled by this trial was also comparatively much lower, as indicated by the 
negligible reduction in the carrier gas Ar-signal on trial gas sampling.  These signals can be 
explained by air sampling at low partial pressures, suggesting that the trial contained a leak.  
This confirms previous supposition that the same trial leaked, based on the evidence of 
pressurisation rate change (C.f. Chapter 8.2.1.1), and validates the choice to only use early 
pressurisation data for the rate calculation.  Based on the fact the trial was under anoxic 
pressurisation at the point of MS sampling, it is likely the pressure variation during sampling 
drew air in through the leak.  The measurement does not therefore necessarily reflect the 
composition of the trial ullage gas prior to measurement. 
  
Figure 90.  Showing gas-MS traces recorded during sampling of air and ullage gas of 
trials 7.6-50°C-1 and 7.6-40°C-2.  Fragment signals are identified in the key by their 
mass/charge ratio and likely parent gas.  The carrier gas used for trial sampling was a 
mixture of 9.9 ppm ± 2 % H2 in Ar.  Other methodological details can be found in Chapter 
4.6.2.1. 
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8.2.2.2  Visual Inspection of Wasteforms During Decommissioning 
On removing each of the 4 wasteforms from the trial vessel, significant cracking was 
observed in external wasteform surfaces, as shown in Figure 91 and Figure 92.  Other 
differences in wasteform appearance before and after the trials concerned the cement 
surface colour.  Varying extents of lighter grey dappling external surfaces were observed, 
occurring most severely on 7.5-50°C-2 and 7.6-50°C-2.  This colouration effect was found 
exaggerated in a circular patch around the centre of all top wasteform surfaces, coincident 
with dimpling and more clearly visible porosity.  The location corresponded with the area 
where discs were initially pushed into the wasteform while the cement was in a state of 
gelation, after which stirring in this area produced a region of fluid slurry allowing a smooth 
finish to be recreated.  
  
7.4-50°C-1 
 
3
d
 
 
4
7
2
d
 
 
Figure 91.  Comparison images of the 7.4-50°C-1 wasteform at 3 and 472 days of age. 
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7.6-40°C-1, 357d 
 
7.4-50°C-1, 472d 
 
7.6-50°C-2, 357d 
 
7.5-50°C-2, 357d 
 
Figure 92.  Showing wasteforms lifted from trials prior to invasive sample collection.  Labels show the trial in 
question and the wasteform age. 
Figure 93.  Illustrating crack propagation in corroded wasteforms with images of the 7.6-50°C-2 wasteform 
segments formed in situ by cracking: conical top (left) and bottom (right) segments, and middle layer segments 
in the process of removal (middle). 
Figure 94.  Examples of uranium disc surfaces before (top) and after (bottom).  Where the “after” images 
correspond to corrosion trials 7.5-50°C-2 (left) and 7.6-50°C-2 (right) remains. 
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As a result of the significant cracking discovered, the external force required to expose 
and remove the residual uranium metal was slight to negligible.  Deconstruction of the 
wasteforms showed the cracking to produce conical top and bottom cement segments with 
the surface of each radiating from one of the two disc edges (C.f. Figure 93).  The central 
cement ring sitting around the disc and between these two segments was cracked into 
several pieces.  Generally numbering 4 or 5.  The exposed discs were found to be at the 
approximate depth of initial placement, suggesting negligible settling under gravity.   
On exposing the uranium remains, the first observation was of a fine black or very dark 
brown powder being distributed around the residual metal.  Examples of such powder can be 
seen around the residual metal in Figure 94 (bottom-left) and around cement surfaces 
initially in contact with the disc in Figure 93 and Figure 95.  Very accurate imprints of the 
Figure 95.  Photographs of corrosion product found within trials 7.6-40°C-1 and 7.4-50°C-1, in the form 
of flakes and MKPC surface-attached layers and loose power. 
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original disc surface were found on the cement surfaces around the remains, suggesting 
initial immediate contact between cement and metal surfaces (C.f. Figure 95).  Adherent to 
both these cement and residual metal surfaces were a layer of material ranging in colour 
from golden to dark brown/black.  Some such material fell away readily, in flakes as seen in 
Figure 95, but well adhered layers remained.  The appearance of the top and bottom of disc 
remains, as well as the corrosion product layers and flakes which were in contact with them, 
varied in a ring structure.  Generally a darker inner circle was shown followed by a lighter 
outer-ring (C.f. Figure 93 to Figure 95), with the darker regions having a rougher surface 
texture.   
Corrosion product masses, shown in Table 24, were measured for the trials.  The 
maximum amount of corrosion product was collected manually from trials 7.4-50°C-1 and 
7.5-50°C-2, with the mass difference after an acidic ultrasonic cleanse used to estimate the 
total product formed, Mtotal.  Conversely, product interfaces of 7.6-40°C-1 and 7.6-50°C-2 
were kept intact for microstructural examination.  The 7.4 trial exhibited the lowest mass of 
collected products of all the trials, significantly lower than both other 50 °C trials despite not 
collecting all the product in one case.   
Finally, an infrared temperature gun was used to monitor the wasteform temperature 
during the decommissioning procedure.  The absence of significant exothermic events was 
implied by identical and constant ambient and wasteform temperatures throughout. 
 
 
 
 
 
 
  
Table 24.  Corrosion product and uranium disc measurements made on 
decommissioned wasteforms.  Where the mass of product collected, MCollected, was 
added to with mass change on ultrasonic cleaning of the metal to calculate MTotal, and 
mass/dimension changes were calculated for the cleaned metal residues verses the 
original discs. 
 Corrosion Product Uranium Disc 
Trial MCollected /g MTotal /g ΔMMetal /g  ΔD /% ΔW /% 
7.6-40°C-1 2.925 - - - - 
7.4-50°C-1 2.29 2.48 2.53 -0.11 -0.91 
7.5-50°C-2 6.39 6.61 5.75 -0.61 -2.51 
7.6-50°C-2 5.337 - - - - 
Where M refers to mass, D to diameter and W to width. 
223 
 
8.2.2.3  Electron Microscopic Examination of MKPC/U Wasteform Material  
Electron microscopy based techniques (SEI, BSI and EDX) were used to analyse 
samples collected from two trial wasteforms: 7.6-40°C-1, 7.6-50°C-2.  Figure 96 shows the 
microstructure of the flake product of 7.6-40°C-1:  A smooth microstructure of uniform 
composition, as indicated by consistent BSI contrast.  At high magnification back-scattered 
imaging reveals sub-micron porosity along lines of uniform geometry.  Additionally, area 
EDX mapping of the surface detected only U and O elements at significant levels. 
 
Figure 96.  A selection of electron micrographs and EDX data of a corrosion product flake surface 
from trial 7.6-40°C-1.  Image type (BSI/SEM) is indicated by labels above, and scale bars show for 
each image. 
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Contrastingly, a flake from the equivalent 50 °C trial, while exhibiting no significant 
difference with respect to EDX compositional data, was observed to have significantly 
differing microstructure (C.f. Figure 97).  Regions of dark and light contrast were observed 
under BSI, found to result from differing levels of surface roughness.  The rough area is 
shown to consist of smaller particles, generally of diameters in the 1 to 10 µm range, while 
the lighter area to consist of a much larger particle size distribution containing an underlying 
interlocking plate morphology. 
The same level of inter-trial difference was not observed in the microstructures of 
corrosion product attached to MKPC surfaces.  Both the 40 °C and 50 °C trial displayed very 
similar MKPC/product layer characteristics:  two distinct morphologies, large coherent 
particles with columnar microstructure found at the product-MKPC interface, and a layer of 
smaller flakes found further from the cement surface.  These features are exemplified with 
the 50 °C sample in Figure 98.  The columnar structured MKPC-interface product 
morphology is not dissimilar to that of uranium hydride, however EDX data collected, as for 
other corrosion product examples discussed, indicated the presence of only U and O 
40 µm 40 µm 
1mm 
Figure 97. Micrographs (BSI) of a corrosion product flake from trial 7.6-50°C-2.  With the 
large, bottom, images showing examples of the distinct microstructural regions visible in 
the top, low magnification, image:  dark (left) and light (right). 
Dark Region Light Region 
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elements.  However, this does not allow one to conclude the absence of hydride, as 
hydrogen is not readily detectable with EDX and oxygen contamination from the resin used 
renders the oxygen signal unreliable.   
 
The metal-product interface microstructure observed in both the 40 °C and 50 °C MKPC 
7.6 wasteforms was generally the same: A fairly uniform layer shown to be very friable by 
the formation of multiple discontinuous layers parallel to the metal surface, due to cracking 
(C.f. Figure 99).  The occasional presence of isolated deeper corrosion penetrations were 
observed, as illustrated in Figure 100.  Point EDX analysis showed this feature to correlate 
with Al inclusions.   
Figure 98.  Micrographs (BSI and SEI) showing an example of the corrosion product-cement 
interface in a resin embedded sample collected from trial 7.6-50°C-2.  In the BSI image (left) 
corrosion product appears as the bright phase sandwiched between the heterogeneous grey 
cement and dark grey homogeneous resin.  The right hand image shows part of a large corrosion 
product particle at the cement edge of the corrosion product layer. 
100µm 20µm 4µm BSI SEM SEM 
Figure 99.  Showing a corrosion product layer attached to the uranium metal surface of the 
7.6-50°C-2 disc residue.  Corrosion product appears as darker grey compared with the lighter 
uranium metal, due to atomic number contrast in BSI. 
50µm 10µm BSI BSI 
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Figure 100.  A BSI micrograph showing a corrosive inclusion linked to aluminium composition on a 
surface of the metal residue from trial 7.6-50°C-2, with results spectra of associated EDX points 
analysis shown below. 
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8.2.2.4  X-ray Diffraction of Wasteform Material 
The XRD data collected on the corrosion product samples of the four trials exhibited a 
set of broad peaks matching the diffraction pattern of UO2.  Along with more subtle 
responses at 2θ values of 58.8 ° and 65.2 °.  These both correspond to U3O8 peak positions.  
The peak at around 65 °2θ in the pattern for 7.6-50°C-2 (yellow) could potentially be due to 
UH3.  Both these attributions are tentative only, as larger peaks are absent.  However for 
small phase quantities, the chances of observing resultant peaks decreases and the 
presence of the phase being aligned in all orientations, required for powder-XRD agreement 
with reference spectra, may not occur. 
 
 
 
 
  
Figure 101.  Showing x-ray diffraction patterns of corrosion samples from the four decommissioned 
trials above reference line spectra for the three key phases: UO2 (JCPDS 41-1422), U3O8 (JCPDS 24-
1172) and UH3 (CrystMet-56954 [130]). 
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8.2.2.5  Thermal Analysis of Wasteform Material 
 Thermal analysis was performed on collected corrosion product samples according 
to the methodology described in Chapter 4.6.2.4.  The temperature scheme used and the 
TG signals themselves are shown in Figure 102, alongside a closer view of mass loss 
behaviour with temperature during the 120-500 °C ramp stage.  Detected levels of H2O, O2 
and H2 in TG exhaust gas across the measurement duration are exemplified for 7.6-40°C-1 
in Figure 103.  Figure 104 shows the same levels against temperature for all samples during 
the 120-500 °C ramp stage.  Finally, key mass loss values are found in Table 26. 
  
Figure 102.  Plots of TG measurement signals against time (left) and against furnace temperature during 
the 120-500°C ramp stage (right) for corrosion product samples.  Left, the temperature is in black with all 
other (red) lines showing sample mass signals, and significant mass changes, ΔM, values exemplified in 
purple for 7.5-50°C-2.  Right: key transition temperatures are indicated in blue.   
Figure 103.  Showing O2, H2O (dew point) and H2 exhaust levels during thermal analysis (TG) of corrosion 
products collected from trial 7.6-40°C-1.  Where, the temperature scheme for the measurement is shown in 
Figure 102. 
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Figure 104.  Showing plots of H2O, H2 and O2 exhaust levels during thermal analysis (TG) temperature 
ramping (120 to 500 °C at 45 °C·h-1) on corrosion products collected from each trial.  Due to insufficient 
sensitivity of the gas-MS H2O/O2 detection, additional dew point and O2 meters were used.  Detection of H2 
and H2O was only semi-quantitative due to (i) the proximity of the detection and noise signal ranges, and 
(ii) lack of pressure measurement at detection, respectively.  The corrosion trial concerned is identified above 
each plot. 
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Samples from each trial were shown to experience an initial mass loss, ΔM1, on heating 
to 120 °C, after which the sample mass remained relatively stable during the isothermal 
stage (measurement t < 24.5 h, C.f. Figure 102).  This suggests that samples were well 
dried before the onset of the second ramping stage.  Temperature ramping between 
120-500 °C produced further mass loss from each sample, ΔM2, concurrent with changes in 
exhaust gas levels: increases in H2O and H2, and decreased O2.  The temperatures at which 
gas level changes are largest in magnitude, shown in Table 20, indicate that although both 
H2 and H2O levels increase almost from the onset of temperature ramping, peak H2O levels 
are reached before peak H2 levels.  With water and hydrogen maxima ranges 184-195 °C 
and 286-306 °C for the samples, respectively.  Finally, a third mass loss step can be 
observed for the trial 7.6-40°C-1 sample initiating at around 390 °C, with suggestions of the 
same visible in the other 3 samples. 
 
 
  
Table 25.  Temperatures during 
120-500°C TG ramping at which gas 
level changes were largest in 
magnitude: 
 Temperature /°C 
Trial 
Max 
H2O 
Min 
O2 
Max 
H2 
7.6-40°C-1 187 476 303 
7.4-50°C-1 184 409 306 
7.5-50°C-2 195 386 299 
7.6-50°C-2 187 450 286 
Table 26.  Key values (Minitial, ΔM1 & ΔM2-ΔM1), 
defined in Figure 102, from TG measurements on 
trial collected corrosion products: 
Trial 
MInitial 
/mg 
ΔM1 
/% 
ΔM2-ΔM1 
/% 
7.6-40°C-1 500.7 -3.59 -0.37 
7.4-50°C-1 503.4 -3.59 -0.43 
7.5-50°C-2 506 -1.98 -0.30 
7.6-50°C-2 510 -2.75 -0.36 
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8.3  Analysis 
This work has shown the MKPC-U system to undergo anoxic corrosion at temperatures 
between 30-50 °C within short time-scales compared to the minimum ILW disposal 
timescale.  This is demonstrated by induction periods as low as 72, 14 and 11 days at 30 °C, 
40 °C and 50 °C, respectively.  The observed impact of the corrosion process on the 
wasteforms was deleterious, with destructive cracking bisecting the monoliths (C.f. Figure 
92).  An effect expected alongside significant U corrosion due to the expansive nature of the 
process.  Additionally, a decolouration (white/grey dappling) of the wasteforms that was 
previously correlated with wasteform drying in low humidity, was observed.  This suggests 
coupled dehydration and salt deposition at the monolith surface; phenomena which were 
surely exaggerated by the periodic venting of gas from pressurising vessels.   
The decolouration effect was also found to be exaggerated around the MKPC region 
disturbed by disc insertion, and correlate with a significant level of visible porosity not 
observed in other samples or regions.  This was highlighted in Figure 92 and suggests that 
disruption of this area of MKPC at the gelation stage resulted in the formation of preferential 
pathways for gas escape from the wasteform.  This is a logical explanation, based on the 
previously observed impact of continued gel perturbation by mixing: delay of structure 
formation as indicated by setting times (C.f. Chapter 5.3.6).  An unfortunate side-effect of the 
trial methodology was removing water from the system during venting, which may have 
improved wasteform corrosion behaviour relative to real-world application.  However, cement 
drying due to reaction of free water could also produce the observed drying effects such as 
decolouration.   
The cracking pattern of the wasteform is consistent with a radial tensile stress in the 
plane of the disc and the conical cracks are similar to those observed in flat punch 
indentation. Hence the pattern is consistent with an expansive corrosion product forming. 
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8.3.1  Anaerobic Corrosion Rate Analysis   
The long-term anoxic corrosion rates calculated in this work for the 13 trials which 
experienced pressurisation, displayed in Table 22, are based on the assumption that anoxic 
corrosion occurs by the reaction show in Equation (2) where 𝜒  is 0.  Plotting the natural log 
of the obtained rates against 1/T (C.f. Figure 105) enabled the assessment of an Arrhenius 
type dependence on temperature, as described in Equation (5).   
 U + (2 + 𝑥)H2O → UO2+𝑥 + (2 + 𝑥)H2 
𝛥𝐻ᶱ𝑟 = −2147 𝑘𝐽 · 𝑚𝑜𝑙
−1 
(2) 
 
𝑘 = 𝐴 · 𝑒(
−𝐸𝑎
𝑅·𝑇 ) 
(5) 
Where Ea is the activation energy associated with the chemical process, R is the real gas constant, T 
the absolute temperature, A is the pre-exponential constant and 𝛥𝐻ᶱ𝑟  is the standard enthalpy of 
reaction. 
The data shows a clear linear Ln(k) dependence on 1/T, across both the entire 
sample set and within each formulation, suggesting an Arrhenius type thermally activated 
oxidation process (C.f. Figure 105 for individual, and Equation (57) & Figure 106 for overall 
regression analysis, the latter including the 95% confidence interval).  Considering the 
modest differences between the three formulations the limited variation in corrosion rates is 
Figure 105.  A plot of ln(k) verses T-1 for the three encapsulant formulations, with lines 
of linear regression, fit by formulation.  Where k value standard errors were smaller than 
the data points themselves.   
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not unexpected.  The measured k-T dependences do not significantly differ by MKPC 
formulation, as inter- and intra-formulation variation is of the same magnitude.   
Openly published comparison data on grouted U-metal corrosion is sparse, however 
recent analyses of available data were performed by Delegard and Schmidt [26] and Hilton 
[15] for uranium metal corrosion in aqueous and grout environments, respectively.  Hilton 
[15] reported a regression analysis of aqueous corrosion data reported up to 1999 and 
including temperatures between 20-300 °C.  This resultant k-T relation correlated excellently 
with historic estimations.  While Delegard and Schmidt [26, 120] compared the relation 
determined by Hilton with relations reported by BNFL for PC-based encapsulants, describing 
maximum and minimum rate behaviour of U-metal in PC/GBS and PC/PFA based matrices.  
Comparison of these relations with the data from this work is shown in Figure 106, although 
only indirect access to the BNFL work, via the report of Delegard and Schmidt [120], was 
possible.  The Arrhenius form relation determined by regression for this work is displayed in 
Equation (57). 
Figure 106.  A plot of corrosion rate, k, against the reciprocal of temperature, T-1, for experimental and 
regression calculated k-T data, on U-metal in MKPC-based, PC-based and aqueous environments.  
Where the MKPC data is that produced in this work.  The PC-based relations were reported by BNFL 
(now NNL), based on various rate measurement experiments for which reports could not be acquired 
and a summary was obtained in the report of Delegard and Schmidt [26].  These relations describe 
PCs formulated to produce max/min U-corrosion at 20<T<60°C.  Finally, the aqueous regression was 
reported in a review by Hilton [15] on multiple sources of data 20<T<300°C. 
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𝑘 = 3.51 × 109𝑒𝑥𝑝 [
−68 ± 6 𝑘𝐽 ∙ 𝑚𝑜𝑙−1
𝑅 ∙ 𝑇
] (𝑚𝑔 ∙ 𝑐𝑚−2 ∙ ℎ−1) 
(57) 
As Figure 106 shows, the MKPC encapsulated U-corrosion rates sit at the bottom of 
the aqueous 95 % confidence interval, and show very close correlation with the minimum 
PC-based grout relation.  Where, the latter was based on grouts with formulations optimised 
to minimise corrosion, including reduced W/S ratio’s facilitated by super-plasticisation [26].  
This evidence suggests that retarding effects potentially present in MKPCs, such as the 
presence of phosphate salts and reduced pH, have an impact on the long-term anoxic 
corrosion rate no more significant than water reduction methods in PC/BFS and PC/PFA 
grouts.  However, as there are concerns as to the effects of super-plasticiser use on 
improving radionuclide mobility, this in itself does not rule out MKPC encapsulants as 
potentially valuable alternative technologies.   
The relative values of the MKPC and aqueous rate ranges, despite the low water 
contents used, speak to the tenacity of anoxic uranium corrosion to scavenge free water 
from the surrounding environment.  Additionally, a significant degree of pH independence in 
U-corrosion rates is implied by the overlap of the MKPC (pH 8-10.5) and PC (pH 12-14) k-T 
relation.  This correlates with the general acceptance within the technical literature that the 
long-term corrosion rate determining step in the presence of water is the rate of anion 
diffusion through a cracked oxide layer of approximately consistent thickness [9, 15].  The 
lack of pH dependence is therefore a natural result of the inability of the corrosion product 
layer to significantly passivate the metal, which renders any variation in product layer 
solubility due to solution conditions such as pH relatively insignificant.   
This work emphasises water content as the dominant variable affecting U-metal 
wasteform corrosion behaviour.  The excellent fluidity of MKPC, as described in Chapter 5, 
means that further reductions in the cement water content are possible.  This should be 
considered a valuable avenue of enquiry, as the high extent of reaction that these MKPC 
encapsulants have been observed to reach implies the sequestering of the vast majority of 
the initial mix water.  This is an effect that may yet be reflected in significantly reduced 
corrosion levels in MKPC-U wasteforms at lower W/S.   
The detection within 5/6 tested corrosion trials of fragments with mass-charge ratio’s 
matching that of methane (C.f. Figure 90) suggests the reaction of carbon sources with the 
hydrogen product of anoxic corrosion.  Without complementary techniques such as gas 
chromatography, the identity of this fragment is not irrefutable, however CH4+ is thought the 
primary candidate.  The intrinsic lability of chemisorped hydrogen makes carbon within the 
uranium alloy the likely source of the methane.  Regardless of the carbon source, methane 
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production would result in a negative systematic error in anoxic corrosion rate calculation by 
contributing to sub-stoichiometric H2(g) production according to Equation (2). 
The calculation in this work of an activation energy of 68kJ·mol-1 for the corrosion of 
MKPC encapsulated U-metal, correlates well with the range of 65-70 kJ·mol-1 observed 
across water vapour, O2 and aqueous corrosion.  This supports the integrity of the analysis, 
despite the occurrence of structural faults within the corrosion trials.  Additionally, this implies 
that the expected negative systematic errors, due to the production of H reservoir species 
other than H2(g), are not significantly worse than in other reported work. 
 
8.3.2  The Identity of Corrosion Products 
The corrosion product can be generally identified, based on the x-ray diffraction data as 
UO2+x, where x is unknown.  The super-stoichiometry of the phase is confirmed by the 
characteristic broad XRD peaks, symptomatic of a range of lattice parameters within the 
phase’s crystallites.  Additionally, subtle XRD contributions may suggest direct U3O8 
detection within the samples.  Although the extent of TG and XRD analysis features varied 
slightly across the samples collected, generally each sample exhibited the same features.  
Overall this suggests a similarity in corrosion product composition between the 4 trials and 
unless specifically stated this analysis discusses the samples as a group. 
The potential formation of pyrophoric uranium hydride, UH3, is a critical issue in the 
long-term storage of uranics.  With an emphasis on understanding the UH3 formation 
prospects of technologies in order to avoid the future occurrence of pyrophoric events.  The 
application of MKPC to uranium encapsulation is no exception to this.  The 
sub-stoichiometric production of H2(g) from aqueous corrosion of U-metal according to 
Equation (2) has been explained in previous work by the production of hydrogenous uranics, 
including UH3 [19, 22–24], U(OH)3 [25] and UO2+x·yH2O [18, 25] (C.f. Chapter 2.1).  The 
reversible formation reaction of UH3 through direct reaction of U-metal and H2(g), is given by 
Equation (3) [121]: 
 
𝑈 +
3
2
𝐻2 → 𝑈𝐻3 
∆𝐻𝑟
° = −127𝑘𝐽 · 𝑚𝑜𝑙−1 
(3) 
 This reaction can act as an intermediate step in the oxidation of U-metal to UO2+x [9, 
15].  The forward/reverse equilibrium is dependent on pressure and H2(g) concentration, but 
the reverse reaction is reported to start dominating at ambient pressure under H2(g) flow at 
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around 175< T > 225 °C [122, 123] and reach a maximum velocity at about 280 °C [124].  
Considering the very low H2(g) partial pressures present during TG measurements, as 
indicated by gas-MS levels close to the noise range, these temperatures correlate relatively 
well with the temperatures relating to the gas-MS hydrogen peak: Both exceeding the 
detection limit at > 160 °C and the temperature of maximum detection at 286-306 °C (Cf. 
Table 25 and Figure 104).   
Although there was no conclusive evidence of hydride within the XRD data, this thermal 
analysis evidence supports the presence of UH3 within the corrosion product.  A supporting 
correlation is that of the gradual decrease in detected O2(g) levels over the range of H2(g) 
detection.  This can be explained by the oxidation of the U-metal product of UH3 
decomposition, or direct UH3 oxidation according to Equation (4).  It should be stated that 
the magnitude of the detected O2(g) level was such that even the observed decrease would 
result in near-undetectable mass gains.  Finally, the observation of a fine black powder 
within the collected product, discrete from other observed flakes, matches well the 
description of UH3 within the literature [121, 125, 126].  The underlying cause of UH3 
corrosion product morphology is differing UH3 and U-metal densities (10.9 and 18.9 g·cc-1, 
respectively) and lattice parameters which produces stress within growing UH3 crystallites 
and result in continual crystallite fracture and fragmentation [125].   
 
 
As demonstrated in Figure 107, particles with microstructures and morphologies 
matching that observed for UH3 in other work [121] were observed at cement-product 
interfaces.  The characteristic column-like microstructure is a clearly distinguishing feature.  
1µm 4µm SEM SEM 
Figure 107.  Showing secondary electron micrographs of UH3 from the technical literature [121] (left), 
and taken in this work during examination of a trial 7.6-50°C-2 cement-product interface (right). 
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Alongside the TG based evidence of UH3 presence, this could suggest the formation of 
hydride during the early stages of corrosion while there is close proximity of metal and 
cement surfaces.  This theory matches observations from the literature that significant UH3 
formation has been observed to occur in crevices or areas of restricted environmental 
access [9, 126].  It has been proposed that this is due to direct reaction of trapped H2(g) 
produced by anoxic corrosion with U-metal [126].  Such an environment may have been 
present during early anoxic trial periods when the absence of cracking and existence of disc-
cement proximity, as evidenced by cement imprinting of surface details (C.f. Figure 95), 
could mean that atmospheric U-metal access was restricted.   
A final correlation supporting this hypothesis is the occurrence of instantaneous 
pressure jumps within previously non-pressurising 30 °C trials, as exemplified in Figure 108.  
These are thought to have been due to the destructive escape of built up H2(g) pressure, a 
potential cause of the before unseen degree of visible porosity at wasteform surfaces (C.f. 
Figure 91).  As Figure 108 shows, not every trial which experienced such a jump went onto 
pressurise further.  Assuming the suggested basis for these jumps is correct, in trials where 
some region of the U-metal is inaccessible to the ullage gas and vice versa, the internal 
vessel pressure is not a metric for full anoxic H2(g) production.  Only when access is 
established does this pressure become reflective of anoxic corrosion.  Similarly, in a leaking 
Figure 108.  The raw pressure data for several trials covering a period over which each 
experienced of a sudden pressure jump.  Where, trials are identified by “Formulation-
Temperature(°C)-Repeat”, and 30°C or 40°C/50°C trials are plotted against top or bottom x-axes 
respectively.  It should be noted sudden pressure drops are artefacts due to maintenance trial 
venting. 
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vessel with O2(g) ingress, only once metal-gas access is established can this ingress readily 
retard anoxic corrosion.  The failure of a trial to pressurise after a “P-jump” event is therefore 
most likely to reflect a leak within the vessel and does not prevent the P-jump symptom 
being indicative of atmospheric isolation of the U-metal surface.   
Similar pressure jumps are observed in several 40/50 °C trials, but in contrast to 30 °C 
trials their occurrence was after onset of initial pressurisation and correlated with transition to 
a higher pressurisation gradient.  This difference in P-jump occurrence with temperature can 
be explained with the same description of pressure build-up but in the context of a higher 
metal-atmosphere pressure difference: A higher ΔP in a porous system can cause gas 
permeation through a network of low scale porosity which was previously energetically 
unfavourable, with a subsequent ΔP increase to a critical value at which the energetic barrier 
to the destructive opening of lower energy (higher diameter) pathways is overcome, resulting 
in a pressure jump such as those observed.  This hypothesis is further supported by the 
general decrease in the age of occurrence of the “P-jump” points with increasing 
temperature, as shown in Figure 108: At 30 °C 70-90 days, 40 °C ≈50 days and 50 °C 
≈25 days.  Finally, absence of this effect in some of the trials could be explained by alternate 
pathway opening mechanisms, such as cracking due to pre-pressurisation oxic formation of 
expansive corrosion products.   
Interestingly, although corrosion product samples were shown to be well dried at the end 
of the 24 h, 120 °C isothermal stage by exhibiting negligible mass change, a significant H2O 
peak was observed in each sample’s TG gas analysis with maxima at temperatures of 
184-195 °C (C.f. Figure 109).  This occurred earlier than significant changes in either H2 or 
O2 levels.  The peak’s max temperature is higher than both the evaporation temperature of 
free water and the dehydration temperature of K-struvite.  Where the latter is indicated in this 
work by the peak heat output temperature (TG) as between 120-155 °C at 10 °C·min-1.  At 
lower heating rates such temperatures drop, due to a Boltzmann type distribution of 
molecular kinetic energies.  Thus, we can confidently assign the 184-195 °C peak H2O 
reading, during ramping at 45 °C·h-1, to decomposition of phases other than k-struvite.   
It is therefore likely that hydrated and/or hydroxylated uranium corrosion products were 
present in the trials’ samples.  Although no evidence allowing identification of such products 
was observed, various candidate phases have been hypothesised or detected in other work.  
These include U(OH)4, UO2+x·YH2O [9, 18, 25] UO3·2H2O (Schoepite), 
(UO2)8O2(OH)12·10H2O (Metschoepite) and (H3O)2(UO2)2(PO4)2·6H2O (Chernikovite) [127]. 
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Unfortunately, the evolution of sample mass loss relative to the discussed gas detection 
features cannot be used to accurately quantify the amount of hydride present in the samples.  
This is exemplified for 7.6-50°C-2 in Figure 109.  The overlap of H2 an H2O gas peaks 
prevents the identification of a discrete mass loss attributable to UH3 decomposition.  Also, 
only O2 levels were fully quantitative.  Attempts to fit measured H2 levels to a calibration 
relation determined with control gasses containing H2 concentrations as low as 1965 ppm, 
produced negative ppm values for H2 maxima.  This prevents calculation of exact H2 ppm 
levels, but allows the detected range to be assigned to around 500 ppm, based on a similar 
detection limit for the technique.   
The presence of sub-micron porosity within corrosion product flakes at 40 °C, as 
displayed in Figure 96, is thought to be indicative of gas passage through the corrosion 
product layer.  The regular alignment of this porosity matches the accumulation of adsorped 
species along surface defects such as grain boundaries.  Such features provide access 
routes to the product-metal interface, while weakening the product layer.  The latter is an 
obvious candidate for the cause of corrosion product flaking.  A more fractured product-flake 
surface of interlocking platelets was observed in the flake retrieved from the higher 
temperature trial 7.6-50°C-2, as seen in Figure 97.  This morphology would be explained by 
the destructive escape of higher gas pressures through the product layer, due to the higher 
measured anoxic corrosion rate.  This observation is therefore thought to support the same 
Figure 109.  Exhaust gas levels (H2O /Dew Point, H2 /ppm & O2 /ppm) and TG mass change (ΔM /%) 
signals recorded during the thermal analysis of corrosion products collected from trial 7.6-50°C-2.  
Where each signal is plotted against an x-axis of the corresponding colour. 
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hypothesis of metal-product interfacial gas production.  The product layer incoherence 
implied by these flaws, as well as the parallel production of hydride, could explain the failure 
of U-metal to passivate under anoxic corrosion.   
Extended cracking was observed within all decommissioned corrosion trial wasteforms 
within 470 days as a result of the destructive and expansive oxidation of Uranium metal.  
Similar wasteform cracking was experienced by PC based wasteforms [128].  Thus, the use 
of either will expose the encapsulated uranics to the vessel environment, and in the 
long-term, the waste package surroundings upon the failure of packaging measures.  On 
storage/disposal timescales the presence of water within the storage facilities, such as a 
GDF, cannot be precluded.  As such and using the current state of technology, full oxidation 
of encapsulated U-metal should be expected over long-term storage timescales.   
 
8.4  Conclusions 
This work has produced mixed outcomes in terms of the performance of MKPC/U-metal 
wasteforms.  Although the oxic induction period has not been accurately measured in this 
work, many trials initiated anoxic pressurisation within days or months.  This fact is thought 
of low significance to the overall performance of the potential wasteforms.  Even using 
thermal elevation of rates over relatively long durations, induction periods of years would still 
be considered noise compared to desirable storage times: In the order of 100’s or 1000’s of 
years.   
Wasteform performance on timescales of this magnitude will only significantly reflect the 
long-term anoxic corrosion rate.  No systematic variation of corrosion rate was determined 
between the formulations, with the average rates at each temperature measured as 0.0017, 
0.0041 and 0.0091 kg·m-2·d-1 for 30 °C, 40 °C and 50 °C, respectively. 
Evidence from this work and others [9, 15, 26] suggests this long-term anoxic rate to be 
largely independent of pH, due to the failure of U-metal to passivate.  This is emphasised by: 
a) The matching of the activation energy range determined historically for uranium 
corrosion in oxygen gas, water vapour, and aqueous environments (65-70 kJ·mol-1) [9, 15, 
120], with the value determined in this work for the MKPC environment (68 kJ·mol-1), and; 
b) the close agreement between the anoxic k-T-1 relations for the four selected MKPC 
encapsulants and for the minimum corrosion PC formulations of BNFL [26].   
 
Additionally, no evidence of improved passivation due to uranic phosphate formation 
was encountered, as hoped.  Therefore, reducing the availability of water within the matrix is 
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considered the most promising potential means of limiting the rate and ultimate degree of 
uranium metal corrosion. 
The presence of UH3 was confirmed using meticulous thermal analysis in 
combination with SEM techniques.  The latter suggests early formation of UH3 due to a 
period of quasi-hermetic sealing of the corrosion products in the cement, and close proximity 
of the metal and cement surfaces.  The start of relatively unrestricted H2(g) escape from the 
wasteform is thought to be reflected by pressure jumps at or around the initiation of vessel 
pressurisation, with ages of occurrence found to decrease with increasing trial temperature: 
at 30 °C 70-90 days, 40 °C ≈ 50 days and 50 °C ≈ 25 days.   
In addition to H2(g), the production of CH4 was suggested to occur within the trials.  
Evidence found by corrosion product flake SEM suggested that gas formation occurred at 
the metal-product interface, with gas escape the hypothesised cause of corrosion product 
porosity and at higher temperature fracturing to produce an interlocking plate flake 
morphology (C.f. Figure 96 & Figure 97).  This hypothesis could partly explain the failure of 
U-metal to passivate by coherent product layer formation, along with product incoherence 
due to parallel formation of hydride and hydrated products.   
The destructive cracking that the MKPC/U-metal wasteforms underwent within 470 days, 
as a result of the destructive expansion of encapsulated U-metal, matches previous 
observations in the use of PC based encapsulants [128].  As a result, when using the current 
state of the art technology over long time-scales the exposure of the encapsulated waste to 
additional water cannot be ruled out, and full oxidation of Uranium metal is expected.  This 
only proves to underline the further research and development required to produce suitable 
disposal/storage solutions and suggest that utilising oxidation of U-metal to more stable, 
insoluble, phases may be a more productive avenue of enquiry for successful long-term 
storage and isolation of uranium. 
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9  Thesis Conclusions 
In this work significant discoveries were made through meeting each key aim described 
in Chapter 3.  The primary aim was to assess the feasibility of using MKPC as an 
encapsulant for metallic uranium ILW within the UK.  The characteristics of MKPC 
processing, as well as the physical and chemical property evolution, were found acceptable 
to enable encapsulant applications.  In fact, while setting times were restrictively short for 
viable formulations, slurry fluidities were exceptionally high and produced monoliths which 
exhibited high density and excellent mechanical property development.  The formulation 
envelope encompassing these optimised formulations consisted of 1.75 M/P, 0.44-0.48 W/C, 
18 wt.% of B(OH)3 (relative to MgO) and 50 wt.% of PFA (relative to MgO, KDP and H2O). 
However, MKPC encapsulated uranium metal failed to passivate during corrosion trials 
at 30/40/50 °C.  This resulted in persistent anoxic uranium corrosion despite the expected 
intermediate pH and low water content of the matrix, characterised by a calculated activation 
energy of 68  kJ·mol-1.  This suggests primary uranium corrosion rate dependencies of 
temperature and water availability.  Additionally, evidence was discovered supporting the 
production of both methane and uranium hydride as additional anoxic corrosion products.  
The occurrence of persistent corrosion along with the production of pyrophoric UH3 in 
MKPC/U-metal wasteforms imply that, ultimately, application of the tested MKPC 
formulations to uranium metal storage is inadvisable.   
Despite this, the generally excellent properties of MKPC suggest that it could be suitable 
as a storage solution for other wastes within the broadly varying UK nuclear waste inventory.  
Something which could be explored in future work, along with investigations around further 
reducing the water content of MKPC to improve the application to U-metal encapsulation.  
However, the propensity of U-metal for persistent oxidation in the presence of water strongly 
implies that the chemical conversion of uranium metal to more stable compounds could be a 
more fruitful avenue of research.  
A second key aim was that of determining a methodology for determining the state of 
water within the material.  This was achieved with the development of a DTA-TG based 
methodology for determining the amount of binder-bound water within the cement, a thereby 
the extent of reaction, α.  This could prove an invaluable tool in the future assessment of the 
material.  The high confidence in the data obtained, due to its consistency, allowed its 
combination with a volume-filling cement model.  The end products: experimentally fitted 
empirical first approximations of density-strength and α-age models.  These proved excellent 
tools for analysis of property development kinetics and formulation dependencies in MKPC.  
The most important resultant observation was that of porosity as the dominant determinant 
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of strength and a clear two stage strength-density relation.  The latter being well explained 
by a transition from gelation to linear strengthening at a point of inter-particulate bridging. 
The key transition porosity, Ptrans, for the 3 corrosion trial MKPC formulations was 
approximated as 0.17, with ultimate porosities of 0.07-0.10. 
In the assessment of thermal effects on MKPC formation kinetics, to enable the 
selection of corrosion trial temperatures, the elevated temperature curing of sealed samples 
was undertaken.  The kinetics of MKPC formation were only affected by elevation to ≤ 50 °C 
when applied within the first 3 days of sample age.  A 72 °C curing temperature was shown 
to retard cement set and induce binder phase dehydration to a monohydrate, MgKPO4·H2O, 
at between 7 and 30 days, correlating with strength deterioration.   
Finally, the use of heat treatments during wasteform processing to affect the removal of 
unbound water from the cement was shown to be impractical.  Higher temperature 
(80/110 °C) dehydration treatments caused the cement binder to undergo reversible 
dehydration to an amorphous/semi-amorphous binder, thought to be characterised by 
approximate molar W/P ratios of 2.0-2.1 and 0.5-0.6 at 80 °C and 110 °C, respectively.  
These binder transitions correlated with increased cement theoretical density and macro- 
and micro-scale cracking.  While, at the lower 50 °C the slow rate of unbound water loss 
suggested an impracticably long treatment time. 
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Appendices 
Appendix 1: Material Related to Chapter 5 
Table 27.  Flow and bleed results for the initial formulation suite, based on variation of formulations 
2.1 and 3.1.  Where, the basic formulation 2.1 is defined by: M/P = 1.5, W/C = 0.54, Boric 
acid = 9 wt.% (of M), PFA=50 wt.% (of W+M+P); and MKPC 3.1 is the same as 2.1 except with less 
magnesia (M/P = 1.25).  Variants are arranged beneath the basic formulation they were derived from. 
 
  
 Flow (mm) at time t (min)  
Variant t = 0 t = 30 t = 60 t = 90 t = 120 t = 150 Bleed 
MKPC 2.1 >720 - - - - >720 None 
0 % B(OH)3, 200 Mesh DBM 0 - - - - - None 
9% B(OH)3, 200 Mesh DBM >720 >720 >720 >720 >720 0 none 
18%B(OH)3, 200 Mesh DBM 720 635 650 610 560 530 None 
W/C = 0.38 560 540 560 550 540 510 None 
W/C = 0.36 660 720 715 710 700 710 None 
0% B(OH)3 >720 >720 >720 370 0 - None 
18% B(OH)3 >720 - - - - >720 None 
MgO:KH2PO4 of 1:1 >720 - - - - >720 None 
MgO:KH2PO4 of 2:1 >720 - - - - >720 None 
0% PFA - - - - - - Yes 
25% PFA >720 - - - - >720 None 
75% PFA 600 610 620 590 590 590 None 
MKPC 3.1 >720 - - - - >720 None 
9% B(OH)3, 200 Mesh DBM 700 700 >720 0 0 0 None 
18%B(OH)3, 200 Mesh DBM >720 >720 >720 >720 >720 >720 None 
W/C = 0.38 620 - - - - 620 None 
W/C = 0.36 >720 - - - - >720 None 
0% B(OH)3 >720 >720 >720 610 0 - None 
18% B(OH)3 >720 - - - - >720 None 
25% PFA >720 - - - - >720 None 
75% PFA 630 - - - - 600 None 
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Table 28.  Flow and set results for MKPC 5.1, defined by:  0.46 W/C, 1.25 M/P, 200 Mesh MgO, 18% 
B, 60% PFA. 
t=0 
t=30 
min 
t=60 min 
t=90 
min 
t=120 
min 
t=150 
min 
Bleed Final Set 
580 560 - 530 480 360 None <4h 
 
Table 29.  The formulation parameters and occurrence of setting to within a 150 min mixing period, for 
the 7-series formulations. 
 W/C B PFA M/P M size  
Formulation wt. of M+P wt.% (M) 
wt.% 
(W+M+P) 
Molar Mesh Set < 150 min 
7.1 0.4 9.01 60 2.25 60 Yes 
7.3 0.4 18.02 60 2.25 60 Yes 
7.4 0.44 18.02 60 1.75 60 No 
7.5 0.44 18.02 50 1.75 60 No 
7.6 0.48 18.02 60 1.75 60 No 
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Appendix 2: Material Related to Chapter 6 
Figure 110.  The X-ray diffraction data for formulations 2.1 and 2.3.  Signal intensities are in units 
of counts·sec-1 on a linear scale, which is the same for patterns plotted over the same 2θ axis, 
and significant peaks are labelled. 
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Figure 111. The X-ray diffraction data for formulations 2.5 and 2.6.  Signal intensities are in units 
of counts·sec-1 on a linear scale, which is the same for patterns plotted over the same 2θ axis, 
and significant peaks are labelled. 
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Figure 112. The X-ray diffraction data for formulations 2.7 and 2.8.  Signal intensities are in units 
of counts·sec-1 on a linear scale, which is the same for patterns plotted over the same 2θ axis, 
and significant peaks are labelled. 
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Figure 113. The X-ray diffraction data for formulations 2.9 and 2.10.  Signal intensities are in units 
of counts·sec-1 on a linear scale, which is the same for patterns plotted over the same 2θ axis, 
and significant peaks are labelled. 
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Figure 114. The X-ray diffraction data for formulations 2.13 and 3.1.  Signal intensities are in units 
of counts·sec-1 on a linear scale, which is the same for patterns plotted over the same 2θ axis, 
and significant peaks are labelled. 
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Figure 115.  The X-ray diffraction data of formulation 7.4 with age.  Where, ages are 
accurate to ± 5 % and samples were cured at 25.4 ± 2.8 °C.  Signal intensities are in 
units of counts•sec-1 on a linear scale, the same for all plotted patterns.  Peaks are 
not labelled but can be seen by eye to be near identical for all ages with the exception 
of 1 day. 
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Figure 116.  The X-ray diffraction data of formulation 7.5 with age.  Where, ages are accurate 
to ± 5 % and samples were cured at 25.4 ± 2.8 °C.  Signal intensities are in units of 
counts•sec-1 on a linear scale, the same for all plotted patterns.  Peaks are not labelled but can 
be seen by eye to be near identical for all ages with the exception of 1 day. 
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Figure 117.  The X-ray diffraction data of formulation 7.6 with age.  Where, ages are 
accurate to ± 5 % and samples were cured at 25.4 ± 2.8 °C.  Signal intensities are in units 
of counts•sec-1 on a linear scale, the same for all plotted patterns.  Peaks are not labelled 
but can be seen by eye to be near identical for all ages with the exception of 1 day. 
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Key: 
Key: 
Figure 118.  The DTA-TG data for samples of formulation 7.5 (top) and 7.6 (bottom) at ages up to 
around 365 days.  Prior to measurement the samples were cured at 25.4 ± 2.8 °C, powdered and 
quenched using acetone before storing under reduced pressure in a dry environment 
(C.f. Chapter 4.5). 
7.5 
7.6 
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Appendix 3: Material Related to Chapter 7 
 
 
 
  
Figure 119.  The 7 and 28 day powder x-ray diffraction patterns of bulk samples from MKPC 2.1 after 
elevated temperature curing at 47 °C, according to Scheme 1.  Peaks with intensities of > 2 % of the 
maximum peak height above the background level are labelled, measurement condition were the same 
for both samples and intensities are plotted in counts·sec-1. 
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Figure 120.  Powder x-ray diffraction patterns of bulk MKPC 7.4 samples which were quenched at 
different ages after curing according to Scheme 2 (C.f. Chapter 4.5).  Where curing included a 
dehydration treatment at 50±2°C between 28 and 90 days, measurement conditions were consistent 
between measurements, intensities are plotted on the same counts·sec-1 scale and the 2θ axis is the 
same for each. 
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Figure 121.  Powder x-ray diffraction patterns of bulk MKPC 7.4 samples which were quenched at 
different ages after curing according to Scheme 2 (C.f. Chapter 4.5).  Where curing included a 
dehydration treatment at 80±2°C between 28 and 62 days, measurement conditions were consistent 
between measurements, intensities are plotted on the same counts·sec-1 scale and the 2θ axis is the 
same for each. 
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Figure 122.  Powder x-ray diffraction patterns of bulk MKPC 7.4 samples which were quenched at 
different ages after curing according to Scheme 2 (C.f. Chapter 4.5).  Where curing included a 
dehydration treatment at 110±2°C between 28 and 62 days, measurement conditions were consistent 
between measurements, intensities are plotted on the same counts·sec-1 scale and the 2θ axis is the 
same for each. 
268 
 
  
Figure 123.  Powder x-ray diffraction patterns of bulk MKPC 7.5 samples which were quenched at 
different ages after curing according to Scheme 2 (C.f. Chapter 4.5).  Where curing included a 
dehydration treatment at 50±2°C between 28 and 90 days, measurement conditions were consistent 
between measurements, intensities are plotted on the same counts·sec-1 scale and the 2θ axis is the 
same for each. 
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Figure 124.  Powder x-ray diffraction patterns of bulk MKPC 7.5 samples which were quenched at 
different ages after curing according to Scheme 2 (C.f. Chapter 4.5).  Where curing included a 
dehydration treatment at 80±2°C between 28 and 62 days, measurement conditions were consistent 
between measurements, intensities are plotted on the same counts·sec-1 scale and the 2θ axis is the 
same for each. 
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Figure 125.  Powder x-ray diffraction patterns of bulk MKPC 7.4 samples which were quenched at 
different ages after curing according to Scheme 2 (C.f. Chapter 4.5).  Where curing included a 
dehydration treatment at 110±2°C between 28 and 62 days, measurement conditions were consistent 
between measurements, intensities are plotted on the same counts·sec-1 scale and the 2θ axis is the 
same for each. 
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Figure 126.  Powder x-ray diffraction patterns of bulk MKPC 7.6 samples which were quenched at 
different ages after curing according to Scheme 2 (C.f. Chapter 4.5).  Where curing included a 
dehydration treatment at 50±2°C between 28 and 90 days, measurement conditions were consistent 
between measurements, intensities are plotted on the same counts·sec-1 scale and the 2θ axis is the 
same for each. 
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Figure 127.  Powder x-ray diffraction patterns of bulk MKPC 7.6 samples which were quenched at 
different ages after curing according to Scheme 2 (C.f. Chapter 4.5).  Where curing included a 
dehydration treatment at 80±2°C between 28 and 62 days, measurement conditions were consistent 
between measurements, intensities are plotted on the same counts·sec-1 scale and the 2θ axis is the 
same for each. 
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Figure 128.  Powder x-ray diffraction patterns of bulk MKPC 7.4 samples which were quenched at 
different ages after curing according to Scheme 2 (C.f. Chapter 4.5).  Where curing included a 
dehydration treatment at 110±2°C between 28 and 62 days, measurement conditions were consistent 
between measurements, intensities are plotted on the same counts·sec-1 scale and the 2θ axis is the 
same for each. 
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Figure 129.  Powder x-ray diffraction patterns of bulk MKPC 7.4 samples quenched at different ages, 
including the oldest and youngest possible, after curing according to Scheme 3 (C.f. Chapter 4.5).  
Where curing included elevating the temperature at 3 days from ambient to 30±2°C, 40±2°C or 
50±2°C, measurement conditions were consistent between measurements, intensities are plotted on 
the same counts·sec-1 scale and the 2θ axis is the same for each. 
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Figure 130.  Powder x-ray diffraction patterns of bulk MKPC 7.5 samples quenched at different ages, 
including the oldest and youngest possible, after curing according to Scheme 3 (C.f. Chapter 4.5).  
Where curing included elevating the temperature at 3 days from ambient to 30±2°C, 40±2°C or 
50±2°C, measurement conditions were consistent between measurements, intensities are plotted on 
the same counts·sec-1 scale and the 2θ axis is the same for each. 
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Figure 131.  Powder x-ray diffraction patterns of bulk MKPC 7.6 samples quenched at different ages, 
including the oldest and youngest possible, after curing according to Scheme 3 (C.f. Chapter 4.5).  
Where curing included elevating the temperature at 3 days from ambient to 30±2°C, 40±2°C or 
50±2°C, measurement conditions were consistent between measurements, intensities are plotted on 
the same counts·sec-1 scale and the 2θ axis is the same for each. 
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Appendix 4: Material Related to Chapter 8 
Corrosion Trial Pressure and Temperature Data 
Plots for trials 7.6-30°C-1 and 7.6-50°C-2 can be seen in Figure 85, and 7.6-40°C-1, 
7.4-50°C-1, 7.6-50°C-1 and 7.4-40°C-1 in Figure 86.   
 
Category (i) Corrosion Trial Data: Conformant 
 
Figure 132.  Trial 7.5-30°C-1 temperature and pressure data with time. 
 
Figure 133.  Trial 7.6-40°C-2 temperature and pressure data with time. 
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Figure 134.  Trial 7.5-50°C-1 temperature and pressure data with time. 
 
Figure 135.  Trial 7.5-50°C-2 temperature and pressure data with time. 
 
Category (ii) Corrosion Trial Data: Deviant-Constant 
Figure 136.  Trial 7.4-30°C-2 temperature and pressure data with time. 
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Category (iii) Corrosion Trial Data: Transitional to Deviant 
Figure 137.  Trial 7.5-30°C-2 temperature and pressure data with time. 
 
Figure 138.  Trial 7.5-40°C-2 temperature and pressure data with time. 
 
Figure 139.  Trial 7.6-50°C-1 temperature and pressure data with time. 
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Category (iv) Corrosion Trial Data: Transitional from Deviant 
Figure 140.  Trial 7.4-30°C-1 temperature and pressure data with time. 
 
Figure 141.  Trial 7.6-30°C-2 temperature and pressure data with time. 
 
Figure 142.  Trial 7.5-40°C-1 temperature and pressure data with time. 
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Figure 143.  Trial 7.4-50°C-1 temperature and pressure data with time. 
 
Figure 144.  Trial 7.4-50°C-2 temperature and pressure data with time. 
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Appendix 5: Content Permissions 
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